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Deterioration of air quality in urban areas is a matter of serious concern 
globally. The objective of this research study is to examine how building 
surfaces with photocatalytic nano-titanium dioxide (TiO2) can degrade 
gaseous and particulate pollutants as well as reduce the energy absorbed by 
building surfaces. The TiO2 particles are incorporated in silicate coating, 
which is used as a binder. 
Firstly, the ability of photocatalytic silicate coatings to degrade sulphur 
dioxide (SO2) and nitrogen dioxide (NO2) was investigated. Silicate coatings 
containing 15% TiO2 (by mass of the solid silicate) showed excellent 
degradation efficiency for the removal of SO2 and NO2.  Specifically, more 
than 70% of the SO2 was removed by the silicate coating containing 15% TiO2 
as a result of photolysis, physic-chemi sorption and photocatalytic 
degradation.  
Secondly, the degradation of particulate pollutants by photocatalytic 
silicate coatings was evaluated using rhodamine B (RhB) as a surrogate 
representing one compound class in airborne particulates.  Silicate coating 
containing 15% TiO2 was most effective in the photocatalytic degradation of 
RhB, when compared with silicate coatings with TiO2 dosages of 5%, 10%, 
and 20%. Since, most of the studies on photocatalytic construction materials 
have been conducted on TiO2 mixed in cement pastes/mortars/concretes, it is 
necessary to compare the performance of TiO2-containing silicate coatings 




(by mass of the solid silicate) showed similar degradation performance as 2% 
TiO2 (by mass of cement) mixed in mortars based on RhB degradation. 
However, the degradation ability of mortar specimens decreased when 
subjected to laboratory accelerated tests, during which the specimens were 
exposed to 2500 hours of UV irradiation (representing approximately 2.4 
years of exposure to tropical warm and humid conditions). On the other hand, 
the degradation efficiency of TiO2 containing silicate coatings remained high 
(with more than 95% of the RhB being degraded) after similar UV irradiation, 
indicating its durable performance. Since the amount of TiO2 incorporated in 
15% TiO2-containing silicate coating is much lower compared to that 
incorporated in 2% TiO2 mixed in the mortar, it can be concluded that 
photocatalytic silicate coatings are a better alternative to mixing TiO2 in 
mortars, especially in situations where abrasion and wear are not a concern.   
Finally, the photocatalytic degradation of black carbon (BC) by TiO2–
containing silicate coatings was studied. While 30% TiO2-containing silicate 
coating was sufficient to degrade a BC loading of 8 µg/cm
2
, 40% TiO2-
containing silicate coating was required for effective degradation when the BC 
loading was increased to 24 µg/cm
2
. Photocatalytic degradation of BC not 
only restores the surface color, but also restores the solar reflectance of the 
building surface. This latter property reduces the heat absorbed by building 
surfaces, thereby leading to energy savings when cooling the buildings.  
In summary, the above results clearly demonstrate the potential of 




particulate pollutants, enable self-cleaning surfaces and contribute to reduced 
heat absorption by building surfaces.   
1 
 
Chapter 1. Introduction 
Rapid industrialization and urbanization have contributed greatly to 
economic development, but have taken a toll on the environment.  It has been 
reported that globally around 545 Megatonne (MT ) of carbon monoxide, 114 
MT of nitrogen oxides (NOx), and 105 MT of sulphur dioxide (SO2),  were 
emitted in 2010 alone (Janssens-Maenhout et al. 2015).  Air pollution has 
severe implications on human health. The World Health Organization 
estimates that globally 3.7 million deaths could be attributed to ambient 
(outdoor) air pollution in 2012
1
. Air pollution may cause many fatal diseases 
such as acute lower respiratory disease (ALRI), chronic obstructive pulmonary 
disease (COPD), ischaemic heart disease (IHD), strokes and lung cancer as 
well as several related chronic ailments. The International Agency for 




Air pollution can also inflict severe damage on different structures.  
Studies have shown that different chemical reactions occur when the pollutant 
deposits (wet or dry deposition) on the building surface.  The most common 
reactions include carbonation and interaction of the building materials with 
acid rain.  These reactions can cause decrease in mass, change in porosity, and 
embrittlement of building materials. Deposition of particulate pollutants on the 
surfaces of buildings can also degrade the aesthetic appearance, which results 









in higher maintenance cost. Moreover, pollutant deposition can decrease solar 
reflectance of building surfaces, which will result in the transmission of more 
heat into the indoor environment of buildings.  
Existing solutions for mitigating air pollution include decreasing 
emissions at the source by imposing stringent guidelines, reducing the energy 
demand by increasing efficiency of electrical devices, switching to green fuels, 
promoting vegetation growth, and adopting control technologies (scrubbers, 
gas sorption and selective catalytic reduction). While these solutions have 
their own merits and demerits, an alternative approach is to exploit abundantly 
available building surfaces in urban areas to mitigate air pollution. This 
approach is complementary to existing solutions and can be a cost-effective 
way of creating sustainable urban environments.  
Building materials can mitigate air pollution by degrading gaseous and 
particulate pollutants through the process of photocatalysis, which is defined 
as the acceleration of a photoreaction in the presence of a catalyst
3
. 
Photocatalysts absorb renewable solar energy to form electrons and holes 
triggering many reactions, including degradation of air pollutants. Titanium 
dioxide (TiO2) is the most commonly used photocatalyst. Apart from its 
photocatalytic ability, one of the unique properties of TiO2 is photo-induced 
super-hydrophilicity, which refers to the formation of uniform water films 
under UV irradiation. While the photocatalytic reactions of TiO2 enable 
degradation of pollutants, the super-hydrophilicity property enables washing 







away of pollutants as well as degradation products off the building surfaces by 
rainfall. More importantly, TiO2 is compatible with a wide range of 
construction materials such as hydraulic binders (Lackhoff et al. 2003; Cassar 
et al. 2003; Bolte 2005; Cassar et al. 2005; Ruot et al. 2009; Bonafous et al. 
2009; Maury et al. 2010; Folli et al. 2012; Cárdenas et al. 2012; Khataee et al. 
2013), bituminous road surfaces  (Yi-qiu et al. 2010; Chen et al. 2010; 
Carneiro et al. 2013; Tanzadeh et al. 2013),  glasses (Paz et al. 1995; Paz et al. 
1997; Watanabe et al. 2000; Medina-Valtierra et al. 2008), tiles (Yoo et al. 
2008; São Marcos et al. 2008; Hadnadjev et al. 2010), and pavements (Li et al. 
2006; Poon et al. 2007; Beeldens 2008; Ballari et al. 2009; Dylla et al. 2010; 
Hassan et al. 2010; Asadi et al. 2012; Osborn 2012). Therefore, building 
materials containing TiO2 have been proposed for diverse applications such as 
de-pollution (Kaneko et al. 2002; Shang et al. 2002; Ao et al. 2004; Toma et 
al. 2006; Maggos et al. 2007; Chen et al. 2009c; Shang et al. 2010; Ramirez et 
al. 2010; Pirola et al. 2012), self-cleaning (Cassar et al. 2003; Vallee et al. 
2004; Bolte 2005; Ruot et al. 2009; Maury et al. 2010; Amrhein et al. 2011), 
anti-fogging (Takagi et al. 2001; Ohdaira et al. 2007; Lai et al. 2012), and 
photo sterilization (Matsunaga et al. 1985; Tamai et al. 2002; Diamanti & 
Pedeferri 2013).  
One of the earliest constructions built using photocatalytic building 
materials is the Dives of Meriscordia church in Italy.  This church was built in 
2003 with commercially available photocatalytic cement. This building serves 
as a successful practical demonstration of the self-cleaning efficiency of TiO2-






. Around the same time as the construction of the Dives of 
Meriscordia church, research projects were also initiated for the development 
of better photocatalytic building materials. In particular, the “Photocatalytic 
Innovative Coverings Applications for Depollution Assessment” (PICADA) 
project started in 2002, spurring active research in this field.  
The PICADA project brought together a consortium of 8 industrial and 
research laboratories to develop a range of photocatalytic coverings. These 
photocatalytic building materials were tested for their pollutant removal 
efficiency, not just at the laboratory scale but also at the macro scale, by 
setting up a special pilot site to imitate street canyon effect as well as by 
conducting in situ tests in a car park.  Tests were conducted by mixing TiO2 in 
a variety of mineral and organic binders including mortars, mineral coating, 
silicate coating, siloxane coatings, and acrylic coatings. These tests showed 
that photocatalytic mortar renderings were capable of removing between 40% 
and 80% of NOx compared to mortars without TiO2. In the case of closed car 
parks, the removal efficiency was 19% for NO and 20% for NO2 under UV 
light. While the promising results from the PICADA project inspired the use 
of photocatalytic building materials in many construction projects (De Marco 
et al. 2013; de Dios et al. 2014), several research issues need to be addressed 
systematically in order to achieve the end goal of developing safe and optimal 
photocatalytic building materials. 
  







1.1. Challenges in Developing Photocatalytic Building 
Materials 
One of the major challenges in developing building materials with TiO2 
was the lack of comparable experimental data that allowed direct comparison 
of different photocatalytic products. This issue has been partially addressed in 
the last 10 years, with the development of many standard test protocols. The 
International Organization of Standardization (ISO) developed standard 
methods specifically for examining the removal of nitric oxide (NO) 
(ISO22197-1), acetaldehyde (ISO22197-2), and toluene (ISO22197-3) by 
different construction materials which occur in flat sheet, board or plate shape. 
Test procedures for self-cleaning efficiency by measuring the water contact 
angle have also been developed (ISO27448).  Standards are also available for 
measurement of the antibacterial action of the semiconductor photocatalyst 
film (ISO27447). More specific standards applicable to evaluation of 
photocatalytic cementitious materials have also been published by the Italian 
organization of standardization (UNI) for BTEX (benzene, toluene, ethylene, 
and xylene) degradation  (UNI11238-1), degradation of nitrogen oxides (NOx) 
(UNI11247), and degradation of rhodamine B (RhB) by photocatalytic 
hydraulic binders (UNI11259).   
While the above standards allow benchmarking of photocatalytic 
building materials, they have two main limitations. Firstly, doubts have been 
raised about the suitability of prescribed test methods. For example, the 
ISO22197-1 standard specifies the total pollutant (NO) load as 40.2 µmol, 
Ultraviolet (UVA) irradiation as 1 mW cm
-2
, and the photon efficiency (i.e. 




photons absorbed by the photocatalyst at wavelength λ) as less than 1.5.  
However, when a sample with higher degradation ability (quantum efficiency 
greater than 1.5) is utilized, the standard recommends reducing the available 
surface area to evaluate the degradation efficiency of NO.  However, given the 
gas flow velocity (0.2 m/s) is slow, it will be difficult to determine the true 
efficiency of samples with higher degradation ability, because the reactions 
will be limited by mass flow effects (Mills et al. 2012).  Consequently, it is 
difficult to utilize such standards while striving to develop photocatalytic 
building materials with high degradation efficiency.   
Secondly, the standards primarily address the short-term evaluation of 
photocatalytic building materials under laboratory conditions. However, it is 
important to conduct field studies to evaluate the performance of 
photocatalytic materials in the real service environment. Ambient environment 
poses a number of challenges such as changes in light irradiation, temperature, 
relative humidity, and pollutant composition that can affect the efficiency of 
photocatalytic materials. Furthermore, buildings are expected to perform for 
many years under adverse ambient conditions. Therefore, it is necessary to 
evaluate the long-term degradation efficiency and durability of the 
photocatalytic building materials, so as to ensure that the catalysts are 
sufficiently bound to the substrate and cannot be easily washed away.  
Another important but unresolved issue is the choice of binder used for 
incorporating the TiO2 particles. Most of the existing studies in the literature 
have employed TiO2 mixed in cements/mortars/concretes. However, in 




mixed in mortar or concrete remains unutilized (Maury-Ramirez et al. 2012). 
This is because only TiO2 on the specimen surface that are activated by light 
irradiation can exert photocatalytic reactions. Thin layers of cementitious paste 
or mortar mixtures can be applied on existing concrete substrates to provide 
photocatalytic function to the building facades to achieve cost savings. 
However, the long-term performance of the mortar layers will be affected by 
hydration and carbonation, which may reduce the efficiency (Lackhoff et al. 
2003; Chen et al. 2009b). Given these constraints, the use of photocatalytic 
coatings is a promising alternative.  
Two popular synthesis methods are available for photocatalytic coatings 
(Saeki 2011). The first method is called vapour deposition technique, which 
uses high-temperature treatment to deposit TiO2 films (Byun et al. 2000). 
However, this method may not be practical for building surfaces. The second 
method achieves a thin film by applying the TiO2 in a binder.  This method 
makes it necessary to have a low-temperature curing step to allow sufficient 
polymerization of the binder compounds (Saeki 2011).  The main challenge in 
the second method is the identification of an appropriate substrate or binder. 
Studies have shown that many oxidants induced from photocatalysis can 
oxidize organic compounds, which results in damage to organic paints (Geiss 
et al. 2012). Thus, inorganic coatings should be used in combination with 
photocatalysts to achieve better durability.  Identification of a suitable 
inorganic building coating and a systematic comparison of the degradation 





1.2. Objectives, Scope, and Thesis Organization 
Thesis Objectives 
a) Evaluate the ability of silicate coatings containing TiO2 to 
photocatalytically degrade gaseous pollutants such as SO2, NO2 and 
CO.   
b) Evaluate the ability of silicate coatings containing TiO2 to 
photocatalytically degrade particulate pollutants (using Rhodamine B 
as a surrogate representing one compound class of airborne 
particulates) and identify the optimal dosage of TiO2 to be added to a 
silicate coating. Furthermore, compare the degradation performance of 
TiO2 mixed in mortar vs. TiO2 incorporated in silicate coatings under 
laboratory conditions. Finally, assess the long term degradation 
efficiency of the photocatalytic mortars and photocatalytic coatings by 
means of laboratory accelerated tests.   
c) Evaluate the capability of silicate coating containing TiO2 to 
photocatalytically degrade surrogates for soot/black carbon and 
quantify its effect on solar reflectance and solar energy absorption by 
building surfaces.  
Scope of research 
While TiO2 has a long history of being used in building materials as a pigment 
and opacifier due to its optical properties (Guo et al. 2009), this thesis focuses 




pollutants by adding them to construction materials. In this thesis, the terms 
photocatalytic construction materials and photocatalytic building materials are 
used inter-changeably to refer to building materials containing TiO2. Though 
several photocatalytic building materials such as tiles, glasses, and plastics are 
available, this thesis primarily deals with TiO2 mixed in mortars and TiO2 
incorporated in building coatings. Furthermore, even though one of the well-
known applications of TiO2 is sterilization as an anti-bacterial agent, this 
thesis focuses on the removal of abiotic airborne pollutants.  Finally, the focus 
of this thesis will be on analyzing the effects of commercially available TiO2 
on building materials and not on the development of new forms of TiO2 with 
enhanced photocatalytic activity.   
The specific scope is as follows:  
 For objective (a), a batch reaction set-up was specially designed 
and fabricated for this part of the research. Silicate coated 
specimens with different dosages of TiO2 (0%, 5% and 15% TiO2 
by weight of solid silicate) were tested.  The degradation of 
different gaseous pollutants (SO2, NO2 and CO) was studied. 
 For objective (b), specimens coated with TiO2-containing silicate 
(0%, 5%, 15%, and 20% TiO2 by weight of solid silicate) and 
specimens with TiO2 mixed in mortars (0% and 2% TiO2 by weight 
of cement) are evaluated. Rhodamine B was applied on the surface 
of the specimens and used as a surrogate representing one 




the laboratory tests. Color changes of the specimens are used to 
measure the degradation of particulate pollutants and self-cleaning 
performance of the specimens. The long term degradation 
efficiency of the mortar and TiO2 coated specimens was 
determined based on continuous exposure to 2500 hours of UV 
irradiation. 
 For objective (c), specimens coated with TiO2-containing silicate 
(0%, 30%, and 40% TiO2 by weight of solid silicate) were used to 
degrade soot surrogate, carbon black.  Two different loadings of 
carbon black (8 and 24 µg/cm
2
) were tested. The removal of carbon 
black was examined through color and reflectance changes (UV, 
visible, near infrared and solar reflectance changes).   
Laboratory tests can be used to determine the optimal TiO2 content to be 
added to silicate coatings and demonstrate the photocatalytic degradation 
efficiency of silicate coatings in removing gaseous and particulate pollutants.  
Thesis Organization 
Chapter 1 introduces the motivation and objectives of this research.  
Chapter 2 presents a literature review of TiO2 photocatalysis and 
photocatalytic construction materials. Existing studies on photocatalytic 
degradation of gaseous and particulate pollutants have been examined and 




Chapter 3 presents an experimental study on the photocatalytic 
degradation of gaseous pollutants (SO2, CO and NO2) by TiO2-containing 
silicate coating applied on mortar specimens.  
Chapter 4 describes an experimental study on degradation of particulate 
pollutants and self-cleaning performance of the silicate coatings and mortars 
with TiO2 in laboratory conditions.   
Chapter 5 describes an experimental study on photocatalytic degradation 
of soot/black carbon surrogates by silicate coatings with TiO2.  
Chapter 6 summarizes the conclusions of this research work and 




Chapter 2. Literature review 
The use of photocatalytic building materials is a promising approach for 
mitigating air pollution, given that it uses a renewable source (solar energy) to 
remove air pollutants and enable buildings to stay clean for longer time.  A 
number of photocatalysts such as TiO2, zinc oxide (ZnO), zirconium oxide 
(ZrO2), tin dioxide (SnO2), tungsten trioxide (WO3), cerium (IV) oxide 
(CeO2), iron (III) oxide (Fe2O3), and aluminium oxide (Al2O3) have been 
identified.  Compared to other photocatalysts, TiO2 is known to exhibit a 
higher photoreactivity, is cheap, chemically and biologically inert, and 
photostable (Mo et al. 2009; Chen et al. 2009c).  Hence, most of the research 
work in the area of using photocatalytic materials for construction applications 
has been conducted on TiO2.  
2.1. The photocatalyst - Titanium dioxide 
Titanium dioxide or titania (TiO2) has been used in building materials 
for a long time because of its scattering properties such as high refractive 
index, high stability and unreactive nature.  It is widely used in paints, 
cosmetics, plastics, and paper (Buxbaum 2008; Chen et al. 2009c) because of 
its white colour. However, it was the discovery of photocatalytic splitting of 
water by Fujishima et al. (1972) that revolutionised TiO2 usage.  Today, TiO2 
is one of the most commercially used photocatalysts with diversified 
applications in environmental cleaning and photoenergy conversion.  The 




2.1.1. Physical properties     
Titanium dioxide occurs in three crystalline forms – rutile, anatase and 
brookite. Rutile and anatase have a tetragonal structure, while brookite 
structure is orthorhombic (Figure 2.1). In all the three crystal structures, each 
titanium atom is surrounded octahedrally by six oxygen atoms and each 
oxygen surrounded by three titanium atoms in a trigonal arrangement. Among 
the three morphologies exhibited by TiO2, rutile is the most stable 
thermodynamically and anatase transforms to rutile at temperatures greater 
than 700
○
C (Buxbaum 2008).  Some important properties of TiO2 are 
summarized in Table 2.1. A new mineral form of TiO2, called titanium dioxide 
(B) has also been reported in literature and is said to have a monoclinic 
arrangement (Akpan et al. 2009). 
2.1.2. Chemical properties     
The chemical stability of TiO2 is one of the reasons for its varied usages. 
Heating of TiO2 results in changes in color.  At temperatures above 400
○
C, 
thermal expansion occurs and TiO2 turns yellow. However, this change is 
reversible.  At temperatures above 1000
○
C, TiO2 is decomposed into titanium 
(III) oxide and oxygen with corresponding changes in color and the electrical 
conductivity.  The melting point of TiO2 is 1800
○
C.   TiO2 is also amphoteric 
in nature exhibiting weakly acidic and basic behaviour.  It is unaffected by 
most organic and inorganic reagents but can dissolve in concentrated sulphuric 
and hydrofluoric acids and alkaline and acidic molten materials.  High 
temperature can reduce TiO2 to oxides of lower valency in the presence of 
hydrogen, carbon monoxide and ammonia (Buxbaum 2008).   
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Table 2.1 Physical properties of bulk TiO2 phases (Carp et al. 2004; Dhar et 
al. 2013) 
Property Anatase Rutile Brookite 





3.895 4.2743 4.123 
Band gap (eV) 3.26  3.00  3.13 
 
 
Figure 2.1 Crystal structures of the different morphological forms of TiO2 (a) 
rutile, (b) anatase and (c) brookite (The big green spheres represent Ti atoms 
and small red spheres represent oxygen atoms) (Source: (Zhang et al. 2014)) 
2.1.3. Photocatalytic reaction mechanism                                                        
The unique nature of TiO2 is that it exhibits photocatalytic reduction-
oxidation capacity and super-hydrophilicity. While the individual reaction 
mechanism depends on the type of TiO2 used including its mineral 
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composition and manufacturing process, a general review of the reaction 
mechanism has been provided in the following sections.  
2.1.3.1. Photocatalytic reduction and oxidation of TiO2 
The crux of TiO2 usage lies in its photocatalytic behaviour. 
Semiconductors such as TiO2 are defined by the presence of a filled valence 
band and an empty conduction band separated by a band-gap of energy 
(illustrated in Figure 2.2). Anatase is activated by UV radiation of wavelength 
388 nm (~3.2eV), while rutile is activated at a wavelength of 413 nm 





) are generated at a rate several orders of magnitude faster 
than their recombination rate (R1 and R2,Table 2.2), allowing them to diffuse 
to the catalyst surface for further reactions. The hole (hvb
+
) interacts with water 
molecules and hydroxide ions (OH
-
) to produce hydroxyl radical (OH

) (R3 
and R4, Table 2.2).  On the other hand, the electron reacting with oxygen 
molecules produces superoxide O2
-
 (R5, Table 2.2), which undergoes further 
reactions forming other oxidants such as hydrogen peroxide (H2O2) and 
hydroperoxyl radical (HOO

) (R6 and R7, Table 2.2).  H2O2 will in turn 
generate additional OH
 
through photolysis and reaction with electrons (R9 
and R10, Table 2.2). 
Table 2.2 Photocatalytic reactions of TiO2 
Reaction Characteristics Reference 











+ → heat Electron-hole recombination Hoffmann et 
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Reaction Characteristics Reference 
in a nano second;  










et al. (1985) 
R3 hvb
+









 → •OH NA  
R5 ecb
-
 + O2 → O2
•-








  Vel Leitner 
et al. (2002); 
Zhang et al. 
(2005); 




































Zhang et al. 
(2005); 









K: 1.6 × 10
-12
 (at 298K) Buszek et al. 
(2012) 
R9 H2O2 + hν → 2
•
OH Radiation dependent Jacobson 
(2005) 
R10 H2O2 + ecb






















et al. (2002); 
Buxton et al. 
(1988) 
NA: Not Available; K: equilibrium rate constant; hν: photon; kaq: 
reaction rate constant in aqueous media 






) produced in the reaction are 
referred to as reactive oxygen species (ROS).  These highly reactive radicals 
react further to produce other reactive species (such as H2O2) that can break 
down NOx, SOx, or other organic compounds.   
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After the production of the ROS, the reactions vary depending on the 
reactants involved.  For example, nitric oxide (NO) is oxidised to nitric acid as 
illustrated below. 
NO can diffuse to the surface of TiO2 and is oxidised to NO2 by HO2
•
.  
The NO2 reacts with the hydroxyl radicals to form nitric acid. 
 
While similar reactions occur for SO2, organic pollutants are oxidised to 
form CO2 and H2O as shown in Figure 2.2. 
 
 
Figure 2.2 Photocatalytic reaction mechanism of TiO2 (revised from 
Nano Co. Ltd., http://www.tradekorea.com/product/detail/P291864/TiO2-
Photocatalyst.html) 
NO   + HO2
•
  NO2  +    OH
•
  
NO2   + OH
•
  HNO3  
OH
•
  +   Pollutants    +     O2     Products (CO2, H2O, etc.)  
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2.1.3.2. Photon induced super-hydrophilicity 
A chance discovery of the marked change in the surface wettability of 
TiO2 on exposure to UV irradiation was made in 1995.   The angle between a 
solid surface and tangent of the liquid phase at the interface of the solid-liquid-
gas interface is referred to as the contact angle. The surface wettability is 
evaluated in terms of the water contact angle (WCA) (Hashimoto et al. 2005).  
If the water contact angle becomes close to 0
o
, it indicates that the water 
droplets are able to spread across the surface (Figure 2.3) and is referred to as 
super-hydrophilicity. On exposure to UV irradiation, the WCA of TiO2 




indicating it is superhydrophilic.   
Two different explanations have been suggested for the UV induced 
superhydrophilicity of TiO2.  The first one considers that organics on the 
surface of TiO2 will be degraded by the UV irradiation and make it 
structurally metastable thereby inducing hydrophilicity (Hashimoto et al. 
2005).   The second explanation attributes the super-hydrophilicity to UV light 
induced modifications on the TiO2 surface (Henderson 2011).  In the second 
proposed mechanism, Ti(IV) cations are expected to be reduced to Ti(III) by 
electrons.  Correspondingly, the holes are trapped at the lattice sites (usually 
by the bridging oxygen or close the surface of the TiO2).  These holes weaken 
the bond between the titanium and lattice oxygen, allowing oxygen to be 
liberated or creating oxygen vacancies (Figure 2.4).  Water can dissociatively 
adsorb at these sites and render them hydroxylated. This increase in the 
chemisorbed hydroxyl groups leads to increased interaction between water 
molecules and hydroxyl groups due to higher van der Waals forces and 
hydrogen bonding interactions.  This enables water to spread across the 
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surface and results in enhancement of the hydrophilic properties.  However, 
the water adsorption results in an amphiphilic surface with alternating 
hydrophilic and oleophilic groups because of the non-uniform adsorption of 
the water. The hydrophilic groups align along the bridging oxygen sites (Carp 
et al. 2004).  In the dark, the hydroxyl group is gradually desorbed from the 
TiO2 and will form hydrogen peroxide or water and oxygen thereby reverting 
to its original arrangement and losing its hydrophilicity (Hashimoto et al. 
2005; Chen et al. 2009c).  It is also observed that with removal of O2, the 
super-hydrophilicity disappears (Henderson 2011). 
 
Figure 2.3 Hydrophilic surface before (left) and after (right) exposure to 
UV irradiation (Source: http://www.toto.co.jp/hydro_e/hydro_e2.htm) 
 
Figure 2.4 Illustration of the superhydrophilic effect after UV 
irradiation (Source: Carp et al. (2004)) 
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2.1.4. Factors affecting TiO2 photocatalysis  
The photocatalytic reaction depends on a very complex interaction 
between the photocatalysts, reagents and photons.  A number of factors will 
contribute to the degradation efficiency of the photocatalytic materials. The 
controlling factor could be the kinetics of the reaction, the transport of the 
reagents or the transport of the radiant energy or combination of all these.  A 
wide variety of factors are known to affect the photocatalytic degradation 
ability of TiO2 as shown below.  
Type of photocatalyst  
The degradation ability of TiO2 is known to depend on its synthesis 
methods as well as their morphologies. Among the pure phases, anatase is 
accepted to be more photoactive than rutile while brookite and TiO2(B) are 
less commonly studied because they are more difficult to synthesize (Sun et al. 
2010).    A mixture of anatase and rutile with a sintered interface, like Degussa 
P25 TiO2 is the most commonly used TiO2 since it is more active than anatase 
(Sun et al. 2010).  The increased activity of P25 is attributed to the ability of 
excited electrons from the surface of anatase to be trapped in the lattice of the 
rutile phase thereby minimizing charge carrier recombination (Hurum et al. 
2005).  
Catalyst film thickness 
The dosages of the photocatalyst have been extensively studied for 
different reaction systems (slurries, TiO2 immobilized systems etc.). For an 
immobilized system, the film thickness affects the degradation. Thicker films 
have better catalytic oxidation but offer higher internal mass transfer 
resistance between the pollutant and the photogenerated electrons/holes.  
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Influence of catalyst thickness on degradation rate is shown below (Chen et al. 
1999):  
  
     
 
  
(    ⁄ )     
[   (    )      ((     ⁄ ) )] 
Where, 
α is the light absorption coefficient of catalyst film 
  is the exponent of light intensity 
De the effective diffusivity of pollutant in catalyst film 
kf the internal mass transfer resistance factor. 
The optimal catalyst thickness is given by 
     
   (
    
  
)
   (    ⁄ )
 
It can be seen from the above equation that the optimal thickness 
depends on the interaction of the pollutant with the catalyst and hence is 
expected to vary significantly for different pollutants. 
Particle size  
The photocatalytic activity of TiO2 is known to depend on its particle 
size and its specific surface area. While insitu characterization for the 
hydrodynamic size, surface charge and degree of agglomeration needs to be 
carried out to determine the photoactivity for a particular application, general 
conclusions of the effect of particle size on reactivity can be drawn. 
Experiments with micro sized TiO2 have also shown to be moderately 
effective (Folli et al. 2009). The reactivity of TiO2 was measured in terms of 
the reactive oxygen species (ROS) generated by different sizes (4 – 195 nm) 
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of TiO2 nanoparticles (Jiang et al. 2008).  The ROS activity per unit area was 
measured and the highest value was observed for 30 nm particles and the 
values were constant for sizes beyond 30 nm. For smaller particle sizes, the 
activity per area was found to decrease between 30 nm to 10 nm and becomes 
constant for particles smaller than 10 nm (Jiang et al. 2008).  This behaviour is 
attributed to the availability of surface defect sites on TiO2.  Higher the surface 
defect sites, higher the reactivity.  Since smaller particles (less than 30 nm) 
have lower number of defect sites per unit area compared to larger particles of 
the same crystal phase, they have lower reactivity. For particles smaller than 
10 nm, the synthesis procedure may be reason why the number of reactive 
sites is constant per unit surface area (Jiang et al. 2008). 
Effect of light irradiation 
Titania has a band gap of ~3.2 eV which makes it effective only under 
UV irradiation.  Since, UV irradiation constitutes only ~5% of the total solar 
irradiation, efforts have been underway to make the TiO2 sensitive to visible 
light. Modification of the TiO2 surface via organic materials, semiconductor 
coupling, lowering the band gap by doping with metals and non-metals, co-
doing with non-metals, creation of oxygen vacancies (Rehman et al. 2009) are 
some of the strategies have proven to be effective for making TiO2 sensitive to 
visible light.  
The characteristics of the light source including its intensity and 
wavelength as well as the distance to test specimens will dramatically 
influence the degradation of the pollutants tested.  Tests show that TiO2 
photocatalysis proceeds when the wavelength is shorter than 388 nm which 
corresponds to UV-A (λmax of 355 nm) (Choi et al. 2001).  A variety of light 
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sources have been used in studies reported in literature. Examples include the 
black-light-type UV lamp which is a fluorescent lamp with phosphor coating, 
light emitting diodes that emit UV, Xenon lamps, and mercury vapour lamps 
(Mo et al. 2009). The photocatalytic rate is known to vary with the light 
intensity gradients caused by variations in the light absorption concentration 
gradients and diffusion resistance. 
Effect of light intensity on the degradation rate has been quantified by 
researchers.  It has been shown that the degradation rate is proportional to light 
intensity up to a threshold intensity and beyond that it is proportional to the 
square root of the intensity.  But the intensity limit has been defined 
differently by different researchers.  According to Ollis et al. (1991) and Peral 
et al. (1992),  for light intensities less than 1 sun equivalent, i.e., 10 to 20 
W/m
2
 (corresponding to wavelengths from less than 350nm to 400nm), the 
rate of degradation is linearly increased with the intensity. For light intensities 
greater than 1 sun equivalent, the rate of degradation is increased with square 
root of the intensity.  The degradation rate is expressed as photocatalytic 
oxidation rate, r = KI
n
, where K is a constant, I is the UV light intensity; n = 1 
when I<Sλ; n = 0.5 when I> Sλ;  Sλ is one sun equivalent with given 
wavelength. However, Herrmann et al. (2007) showed that photocatalytic 
activity increases linearly with the intensity when the intensity is less than or 
equal to 250 W/m
2
 and increases with the square root of intensity when the 
intensity is greater than 250 W/m
2
.   
A number of studies analysed the effect of light intensity on the 
photocatalytic reaction rate, and some examples are listed in Table 2.3.  
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According to Wang et al. (1999), the increased reaction rate with the 
light intensity is due to increased electrons/holes generated and slightly 
increased recombination rate of the electrons/holes. If chemical reactions are 
dominant in consuming the electron-hole pairs, the first-order regime prevails; 
whereas if the recombination rate dominates, half-order regime is observed 
(Egerton et al. 1979).   
Table 2.3 Effect of light intensity on photocatalytic degradation  




Effect on degradation 





100-400  Oxidation rate increased 
as a power of 0.55 ± 0.03 
of light intensity 
Yamazaki et 
al. (1999) 
Ethylene Based on 
number of 
lamps used 
Degradation rate showed 
first order increase with 
light intensity  
Wang et al. 
(1998) 
Trichloroethylene 0.85 –5  Degradation increases 
with light intensity 
Puddu et al. 
(2010) 
 
Trichloroethylene 5.2 – 20.8  Degradation linearly 
proportional to light 
intensity for P25 TiO2 
Husken et al. 
(2009) 
Nitric Oxide 0 – 12  Reaction constant k 
increased from 0.06 
mg/m
3












10 – 40  With light intensity from 
10 to 25 W/m
2
, 
significant increase in 
pollutant degradation 
rate.  With intensity in 25 
– 40 W/m2, pollutant 





Effect of Temperature  
Temperature has a dual effect on the rate of photocatalytic degradation 
and the adsorption of gaseous pollutants on photocatalysts.  In general, 
increasing temperature will increase the kinetic reaction rate.  Obee et al. 
(1997) showed that the reaction kinetic coefficient k depends on the 
temperature following the Arhennius equation:   




where, E is the apparent activation energy, normally greater than zero; T 





The effect of temperature on adsorption has the opposite effect on 
degradation of pollutants because increase in temperature will result in lower 
adsorption and less contact of the pollutant with the photocatalyst.  The 
expression for adsorption equilibrium coefficient, K, is given as 
    (   (
  
  
) √ ⁄ )                                             (Serpone et al. 1989)  
 
where, H is the change in enthalpy accompanying adsorption of the 
pollutant. 
 
The net effect will be an increase in the photocatalytic reaction rate with 
temperature up to a certain level and then decreases, and hence, the maximum 
rate will occur at an optimal temperature (Serpone et al. 1989).   
Literature review indicates that the rate of reactions increases for certain 
compounds but decreases for others (Table 2.4). This may be ascribed to the 
process dominating the degradation.  If most of the gas is already adsorbed, 
the reaction is driven by mass transfer process and hence the reaction rate will 
not be affected (Serpone et al. 1989). However, if the gas is not adsorbed, the 
adsorption process will dominate, leading to lower degradation. 
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Table 2.4 Effect of temperature on photocatalytic degradation 




Sano et al. 
(2004) 





Obee et al. 
(1995) 
Toluene 12.8 – 60○C 
Obee et al. 
(1995) 
1,3-butadiene 12.8 – 60○C 






Sánchez et al. 
(1999) 
60–250○C 





Fu et al. (1996) Ethylene 30–110°C 
Obee et al. 
(1995) 
Formaldehyde 12.8 – 60○C 
Zorn et al. 
(1999) 





















Lim et al. 
(2000) 











Effect of Humidity 
Effect of humidity on the degradation efficiency also has dual influence.  
Firstly, it is responsible for the generation of 
•
OH radicals which are active 
participants in the degradation of the various pollutants. Secondly, under the 
influence of UV irradiation, the surface of TiO2 becomes hydrophilic and the 
water molecules tend to adsorb on the surface of TiO2, thereby competing with 
the active sites present on the surface of the TiO2. A number of factors (such 
as the interaction of the gas with the water molecules) other than RH will also 
influence the degradation and hence literature review indicates contradictory 
findings.  Some tests indicate that increase in RH leads to an increase in the 
degradation up to a certain level and then decrease (Wu et al. 2005) (Table 
2.5).  Therefore, there may be an optimal RH for maximum degradation in 
individual reaction systems.  However, with increase in RH, there is a 
decrease in the removal of NOx (Maggos et al. 2007).  This can be attributed 
to the competition for the active sites between NOx and water molecules in the 
particular reaction system.  
Table 2.5 Effect of relative humidity on photocatalytic degradation 




Amama et al. 
(2004) 
Trichloroethylene 0 – 100% 0% RH – 
degradation was 
52% 
100% RH – 
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Wu et al. (2005) Benzene 15000 – 28000 
ppmv 
Increases removal 
with RH increase  
Maggos et al. 
(2007) 
Nitrogen oxides 20 – 50% Increase in RH, 
decrease in removal  
Devahasdin et 
al. (2003) 
Nitric oxide (NO) 0 to 75% 
 
0 to 50% :  
Increased removal 
of NO 
50 -  75% :  
remained constant 
Wang et al. 
(2007) 
Nitric oxide (NO) 8 – 100% 8 – 60%: Rate of 
NO removal  
increases quickly as 
RH increases 
60 – 100 % : Rate 





Nitrogen oxides 30%, 50% and 
70% 
Increase in RH, 
decrease in removal 
2.2. Photocatalytic construction materials   
The ability of photocatalytic titanium dioxide (TiO2) to effectively 
degrade atmospheric pollutants can be productively harnessed by their 
addition to building material.  Coupled with the photo-induced hydrophilicity 
of TiO2, they can help the building surfaces to remain unpolluted longer by 
easily washing the surface. Due to this reason, a number of photocatalytic 
building materials such as glasses, tiles, paints, wall papers, concretes, paving 
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blocks and coatings have been developed for use in construction of buildings, 
highways, pavements, and tunnels.  
The main applications of photocatalytic construction materials include 
air purification, self-cleaning, sterilization as well as related cooling effects 
(Kaneko et al. 2002; Gurol 2006; Maggos et al. 2007; Chen et al. 2009c; Guo 
et al. 2009; Hassan et al. 2010). These applications exploit the diverse 
properties of TiO2.  For instance, in self-cleaning glass, the photocatalytic and 
hydrophilic properties are used to maintain the optical properties of glass and 
induce self-cleaning behavior.  The antibacterial properties of TiO2 are utilized 
by applying TiO2 coatings on ceramic tiles to destroy the bacteria and finds 
application in hospitals and other facilities where it is necessary to reduce 
spread of infections and improve the hygienic conditions.  This part of the 
literature review focuses on employing TiO2 containing cement 
pastes/mortars/concretes and coatings for applications to external walls. 
Studies have demonstrated the promising self-cleaning efficiencies of 
TiO2 added to mortars or concretes. However, this may not be cost-effective, 
since only the TiO2 exposed to light irradiation can actively participate in 
photocatalysis and most of the TiO2 mixed in mortars or concretes will be 
covered and remain unutilized. Maury-Ramirez et al.(2012) observed that 
adding TiO2 to coatings is an attractive alternative because the coatings are in 
direct contact with pollutants and photons, and are less affected by cement 
hydration products. So, coatings may be an alternative where abrasion is not 
expected.  It should be noted that while testing the photocatalytic efficiencies 
of coatings, the substrate can have a significant influence.  Therefore, it is 
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necessary to test the photocatalytic coatings similar to their actual life 
condition, i.e. coat them on mortar surfaces. 
On the other hand, in applications where abrasion is a concern such as 
pavements, roads, it may be necessary to incorporate the TiO2 directly in the 
mortars/concretes.  This ensures that the TiO2 is available on the surface even 
if abrasion or weathering occurs. Application of a thin cementitious layer on 
the surface is optimal where abrasion or wear is expected because it allows to 
the pollutant to be absorbed on the surface of the catalyst and oxidizes it.  The 
other useful application of using TiO2 is adding it to white cement.  This 
allows an aesthetically pleasing building surface and also contributes to 
maintenance of long-term appearance due to its self-cleaning function.  
However, addition of TiO2 is known to change the micro- and macro-
properties of mortar/concretes and need to be taken into account as discussed 
in the section below. 
2.2.1. Effect of TiO2 addition on cement pastes/mortar/concrete 
Addition of nano-TiO2 is known to affect the properties such as 
workability, setting time, and strengths of pastes/mortar/concrete due to its 
influence on the cement hydration as well as the microstructure and porosity 
of the photocatalytic building material. Several studies have investigated the 
effect of the TiO2 addition on cement pastes/mortars/concrete (Nazari et al. 
2010b, a; Zhang et al. 2010; Nazari et al. 2011c, a; Chen et al. 2012; Meng et 




Effect on cement hydration, heat development, and hydration products 
The formation of hydration products was faster when TiO2 was added 
(Nazari et al. 2010a). While the peaks of cement pastes with and without TiO2 
indicated the evolution of comparable mineral types, higher TiO2 dosages 
showed greater influence on cement hydration.  It was observed that the heat 
of hydration also increased when TiO2 was added (Zhang et al. 2010; Chen et 
al. 2012; Zhang et al. 2015).  Factors such as the type and size of the TiO2 had 
an influence with smaller sized particles resulting in more rapid reaction 
compared to larger sized particles.  Acceleration of cement hydration is known 
to occur in the presence of active or inert ultrafine particles. Nano-sized TiO2 
particles could act as potential nucleation sites for the hydration products and 
this is referred to as seeding effect, thereby resulting in faster cement 
hydration as well as higher total heat evolution (Chen et al. 2012; Zhang et al. 
2015).   
Effect on pore structure 
Addition of nano-TiO2 to cement pastes decreased the porosity and 
modified the pore size distribution as well as the total pore volume. The 
reduction in the porosity occurred in the capillary pore ranges with the most 
probable diameters of the pores shifting to the smaller ranges (20-50 nm). 
Since nanoparticles when well dispersed, act as effective fillers of voids and 
also as a nucleus for the hydration products to diffuse and envelope around the 
nanoparticles.  The reduction in the porosity mainly occurred in the capillary 
pore ranges.  It can be understood that as the hydration products grow, they fill 
the water filled voids, thereby reducing the capillary porosity.  However, when 
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TiO2 dosage is increased beyond a certain dosage (>3%), no improvement in 
the pore structure was observed (Nazari et al. 2011a).  Higher TiO2 dosage 
does not significantly change the porosity because the capillary porosity 
becomes saturated and the growth of the hydration products may be 
constrained due to limited space at 28 days (Nazari et al. 2011a).   
Workability 
The incorporation of photocatalytic TiO2 in cement paste, mortar, and 
concrete generally reduce their workability (Zhang et al. 2010; Zhang et al. 
2015) because of the fine particle sizes and large specific surface areas of the 
TiO2. For example, when 1%, 3% and 5% nano-TiO2 was added in mortars 
with a w/c of 0.6, slump flow was reduced by 2.8%, 19.8% and 20.8%, 
respectively, compared to a control mortar without TiO2 (Zhang et al. 2015). 
In order to achieve specified workability for construction purpose, water 
requirement of cement pastes is generally increased (Chen et al. 2012). For 
given water content and w/c in such mixtures, superplasticizers (SPs) are often 
used to achieve satisfactory workability (Zhang et al. 2015). The dosage of SP 
is generally increased with the increase in TiO2 content (Zhang et al. 2015). 
Effect on strength 
The incorporation of TiO2 in cement pastes generally increases early age 
compressive strength (Zhang et al. 2010; Meng et al. 2012; Khataee et al. 
2013; Lee et al. 2013), but either does not affect (Nazari et al. 2010a) or 
reduce the later age strength (Zhang et al. 2010; Meng et al. 2012). Appendix 
A summarizes the effect of TiO2 incorporation on the strength.  The possible 
reasons for these observations are described below. 
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The improvement in the strength in the early age can be attributed to 
several mechanisms.  As discussed in the effect on hydration, the size of the 
nanoparticles would play a vital role in the early age strength improvement 
because finer particles are able to fill the smaller pores as well as act as sites 
for nucleation of the hydration products. Secondly, the TiO2 particles can 
possibly alter the environment around them and lead to formation of high or 
low density calcium silicate hydrates (C-S-H) (Feng et al. 2013).  Thirdly, 
more evenly distributed hydration phases were observed with TiO2 presence 
and these contribute to higher fracture energy that is characteristic of cement 
pastes. These claims are supported by SEM/EDS observations.  With addition 
of TiO2 nanoparticles, the hydration products were distributed more evenly 
and decrease in the density and size of the microcracks and micropores was 
also observed (Feng et al. 2013).  Moreover, some needle shaped hydration 
products, whose composition was different from the normally observed 
hydration products, were also observed.  The newly observed hydration 
products showed higher aluminium and lower silicon contents even though the 
calcium content was comparable to the normally observed C-S-H (Feng et al. 
2013).  While more research is needed to understand the needle-like hydration 
products, the improvement in the pore structure may be due to these nanosized 
needle-shaped hydration products, which could fill the pores more efficiently 
with potential crack bridging behavior.  Interestingly, atomic force microscopy 
images also indicate that the TiO2-modified cement paste had a “flatter” 
microstructure (step height 1.006 nm) compared to control pastes without 
TiO2 (step height 2.882 nm)(Feng et al. 2013).  Roughness tests conducted 
indicated that TiO2-modified cement pastes has much lower roughness value 
  
34 
(92.851 nm) compared to control pastes without TiO2 (406.60 nm). Since a 
lower roughness value is associated with a cement paste with higher 
mechanical properties and lower permeability, it was concluded that TiO2 
addition leads to pore refinement (Feng et al. 2013).  X-ray diffraction also 
indicates that the hydration reactions are altered in the presence of TiO2 with 
decrease of 20-30% in the peaks corresponding to Ca(OH)2.   Since only a 
small amount of TiO2 was available, the TiO2 could react with the Ca(OH)2 to 







) would grow as needle-shaped amorphous 
hydration products (Feng et al. 2013).  However, the above improvements in 
the microstructure are feasible only when the TiO2 is uniformly distributed in 
the cement mixes. Therefore, the decrease observed at higher dosages of 1.5% 
TiO2 may be due to inhomogeneous distribution due to agglomeration of TiO2 
particles (Feng et al. 2013). 
A different set of experiments indicated that the amount of Ca(OH)2 
crystal (which appears with hydration) did not increase at 1 day for TiO2 
containing specimens indicating that increase in amount of hydration products 
may not be the reason for improvement in the early age strength (Meng et al. 
2012). However, the crystalline planes of Ca(OH)2 with and without TiO2 
exhibited different characteristics.  For cement substituted with nano-TiO2, the 
intensity of (101) crystal plane of Ca(OH)2 increased while that of (001) 
crystal plane decreased at early ages.  The specimens with and without TiO2 
also exhibited different orientation indexes for the Ca(OH)2 (Meng et al. 
2012). Control specimens without TiO2 exhibited high orientation index of 
close to 4 as against the 5% TiO2 containing specimens, which had an 
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orientation index of 1.396 at 1 day (Meng et al. 2012).  At 28 days, the 
orientation index increases indicating that it is harmful to the strength and 
hence the lower strength for 5% and 10% TiO2 containing specimens at later 
ages  (Meng et al. 2012).   
The above changes in the microstructure and properties of the 
mortar/concrete specimens need to be taken into account when designing a 
mix containing TiO2. This in turn will affect the photocatalytic degradation 
ability of the TiO2.   
2.2.2. Effect of mortar characteristics on photocatalytic degradation 
The properties of cementitious materials (porosity, curing age, and 
carbonation) will lead to the formation of additional calcium silicate hydrates 
which can form diffusion barriers to both the reactants and the photons and 
their continuous accumulation will lead to the blockage of the active sites in 
TiO2. While the rate and amount of photocatalytic degradation is specific to 
the experimental setup, some general conclusions can be drawn based on the 
information available from literature and is summarized in the following 
sections. 
Dosage of TiO2 
The dosage of TiO2 is also known to affect the photocatalytic 
degradation performance of concrete mixes containing TiO2.  For example, 
when the amount of TiO2 was increased from 1% to 3%, an enhancement in 
the degradation efficiency was observed for the degradation of C.I.Basic Red 
46 dye (Khataee et al. 2013).  However, Diamanti et al. (2013) observed 
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similar degradation efficiency for 2.5% and 5% TiO2 with ~90% of rhodamine 
B (RhB) being degraded after 26 hours of irradiation. This indicates that the 
dosage of the TiO2 has to be suitably chosen to achieve a cost-effective mix 
for effective degradation of the pollutants.   
Type of cement 
The grey colour of ordinary Portland cement is due to the presence of 
iron and other heavy metal elements.  By ensuring that they do not exceed 
0.15%, white clinker and white cements can be produced.  While the concrete 
made with white cement has aesthetic appeal, it can subsequently undergo 
colour change due to accumulation of pollutants on its surface. Therefore, 
inducing self-cleaning efficiency in such a material will greatly improve its 
aesthetic and economical appeal.  
White cement concrete/mortar with TiO2 generally has higher 
photocatalytic ability in degrading pollutants. For example, it has been 
reported that white cement paste with 5% TiO2 by weight of cement showed 
higher photocatalytic degradation ability of phenanthroquinone dye than 
Portland cement concrete with equivalent TiO2 content (Cassar et al. 2003).  
Similarly, white cement paste with 5% and 10% TiO2 by weight of cement 
showed higher NOx removal capacity than  corresponding Portland cement 
paste  cured for 3, 7, and 28 days (Chen et al. 2009b). 
The different degradation capability observed has been attributed to the 
variation in the light absorption characteristics of the different cements. 
Transition metals such as iron and manganese in Portland cement could have 
absorbed or blocked part of the light that can otherwise be used for 
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photocatalytic reaction.  It is also possible that the transition metals may have 
contributed to rapid electron-hole recombination, thereby resulting in 
reduction in the photocatalytic activity.  Research has shown that metals can 
create acceptor and donor surface centres that behave as recombination sites 
for electrons and holes and therefore the photocatalytic rate is reduced for 
surface modified TiO2 (Rachel et al. 2002; Allen et al. 2008).   
Type of aggregates 
The photocatalytic performance of concrete mix is also affected by the 
properties of the aggregate.  When waste glass was employed as fine 
aggregates, it was found that the removal efficiency for NO improved 
significantly compared to mixes which contained only sand. The type of waste 
glass also had an impact.  For example, it was demonstrated that the amount of 
NO removal by a mix containing a certain type of milk bottle waste glass 
increased by a factor of 3 compared to mixes containing sand only.  The 
higher removal efficiency was attributed to the light-transmitting characteristic 
recycled glass cullets.  While UV light irradiation on sand would be 
completely absorbed, on glass aggregates, a certain portion would be 
transmitted through enabling it to activate a greater depth of TiO2 leading to 
greater photocatalytic efficiency. Further, comparison of different colors of 
glass (clear, light green, dark green and brown) indicated that the degradation 
efficiency improved as the glass became lighter with specimens containing 
brown showing the worst performance.  This is directly correlated to the high 
UV absorbance of brown glass implying that sufficient UV irradiation may not 
be available for activating the TiO2 (Chen et al. 2009a).  The size of the 
aggregates as well the void ratio also affects the photocatalytic performance. 
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This has led to the development of permeable photocatalytic concretes. Bolt et 
al. (2013) studied the degradation of naphthalene by concrete containing 
different dosages of TiO2 (0, 5%, 10% and 15%) and with different void ratios 
(0%, 20%, 25% and 30%).  A significant reduction of ~30% in the pollutant 
concentration was observed for all the three void ratios tested (20%, 25% and 
30%) with 20% void ratio being the most effective.  This could be attributed to 
the increase in the surface area of the concrete contributing more active sites 
for the photocatalytic reaction.  
Porosity 
Porosity of specimens is also an important factor in determining the 
photocatalytic degradation efficiency because with the increase in porosity, the 
active sites of the TiO2 become readily accessible, leading to increased 
interaction between the light photons and pollutants.  This results in increased 
capacity of pollutant removal of the specimens. For example, it was reported 
that the NOx removal ability of mortar was increased with the increase in 
porosity (Poon et al. 2007).   
Curing 
Literature review indicates that increased curing of concrete or mortar 
results in reduced photocatalytic degradation of pollutants (Chen et al. 2009b). 
This was explained by reduced porosity and coverage of reactive TiO2 sites by 
cement hydration products with continued moist curing.  
Increased moist curing affects porosity of concrete and mortar. As the 
curing age increases, the microstructure becomes denser.  During cement 
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hydration process, calcium silicate gel fills voids which reduces capillary 
pores and total pore volume. A decrease in the NOx removal was observed 
with increase in the curing age, which was attributed to reduced NOx 
adsorption due to the reduction in porosity (Chen et al. 2009b).   
Fine TiO2 in concrete or mortar acts as nucleation sites for deposition of 
hydration reaction products. However, if the TiO2 is covered by hydration 
products, the TiO2 will have no photocatalytic effect.   
Carbonation 
Carbonation of concrete reduces the photocatalytic capacity of concrete 
in removing pollutants (Lackhoff et al. 2003; Chen et al. 2009b; Ramirez et al. 
2010). This may be also related, at least partly, to reduced porosity of the 
concrete due to carbonation in which the conversion of Ca(OH)2 to CaCO3 is 
accompanied by an increase in volume of 11%.  Moreover, CaCO3 deposition 
in the pores results in lower adsorption of the pollutants on the surface of the 
photocatalyst and therefore reduction in the photocatalytic rate.   
Chen et al. (2009b) reported a significant loss of photocatalytic activity 
of cement paste specimens subjected to accelerated carbonation. While there 
was no significant change on NOx removal rate for the control specimens after 
56, 90 and 120 days at 95% RH and 25
○
C till testing, the carbonated 
specimens showed progressive decrease with the increase in carbonation 
duration.  Diamanti et al. (2013) showed that addition of TiO2 could make it 
more prone to carbonation and that carbonation coefficient is a function of the 
TiO2 dosage.  The carbonation coefficient increased from 20 mm/year
0.5
 
(control specimens without TiO2) to 23 mm/year
0.5
 (2.5% TiO2 containing 
concretes) and 24 mm/year
0.5
 (5% TiO2 containing concretes) at a w/c ratio of 
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0.69. The carbonation is also a function of the w/c ratio with lower w/c ratio 
implying lesser carbonation.  Specimens with lower w/c ratio (0.52) and high 
TiO2 dosage (5%) performed better, retaining almost 85% of their 
photoactivity after 70 days of carbonation.  Conversely, specimens with higher 
w/c ratio and lower TiO2 showed a higher decrease in the photocatalytic 
degradation efficiency.  With increase in w/c ratio, the amount of TiO2 present 
is lower and therefore, fewer sites may be available for the photocatalytic 
degradation and this could be reason for the poorer performance of such 
specimens.   This indicates that limitations exist for the prolonged usage of 
photocatalytic performance of the construction material and therefore 
degradation efficiency after carbonation and not initial stages should be 
considered when evaluating photocatalytic construction material. 
The above paragraphs indicate that photocatalytic performance is 
significantly affected by the ingredients in the concrete mix, its age as well as 
the service environment, raising questions on the long term and sustainable 
performance.  It may be worthwhile to look into photocatalytic coatings as a 
more economical and versatile alternative to photocatalytic 
cements/mortars/concrete.  The following sections examine the effect of TiO2 
addition on coatings as well as its photocatalytic performance.   
2.2.3. Photocatalytic coatings  
It is accepted that the most effective way to utilize the photocatalytic 
property of TiO2 is to incorporate it in the surface layer of the buildings.  
When TiO2 is mixed in bulk cements/mortars/concretes only a small 
percentage that is exposed can be activated under solar irradiation and exhibits 
  
41 
photoactivity. An economical alternative appears to be photocatalytic coatings.  
Photocatalytic coatings may be an aqueous or methanolic suspension of TiO2, 
sol-gel paints applied through spray that can be applied on new or existing 
buildings (Benedix et al. 2000), dip coatings or novel methods such as vacuum 
saturation (Maury-Ramirez et al. 2012).  Two reasons impede the widespread 
use of photocatalytic coatings.  Firstly, coatings are known to have a limited 
lifespan; exposed to weather conditions (sun, wind and rain), the durability 
and the long term degradation performance of these coatings is questionable.  
Secondly, TiO2 can oxidize organic compounds resulting in damage such as 
chalking and even cracking of organic paints (Worsley et al. 2002; Allen et al. 
2004; Jin 2004; Yuranova et al. 2007; Allen et al. 2008; Wang et al. 2011).  
Thus, inorganic coatings are preferred to be used in combination with 
photocatalysts. The following paragraphs discuss some of the commonly used 
photocatalytic coatings applied on building materials.  
Effect of coating type 
The type of coating was found to have a significant influence on the 
photocatalytic performance. Since studies indicate that TiO2 can contribute to 
binder degradation as well as change in appearance of the coating due to 
aging, a suitable binder should be chosen.  
Organic coatings such as styrene acrylic, poly (vinyl acetate), and 
acrylic copolymers incorporated with TiO2, showed higher degrees of chalking 
and weight loss while polysiloxane showed resistance to the photocatalytic 
effects (Allen et al. 2008). Comparison of the weight loss after accelerated 
weathering of more than 2000 hours, showed that the weight loss for standard 
acrylic vinyl paints was much higher compared to silicate paints.  With 
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increasing dosage of TiO2, the weight loss for the acrylic vinyl paints 
increased implying the instability of the acrylic vinyl paints. Therefore, 
inorganic paints such as alkali metal silicate based paints may be preferred for 
photocatalytic applications.  
When TiO2 (PC105) was incorporated in the silicate paints, effective 
degradation of methylene blue dye was observed.  With increase in the dosage 
of the TiO2, the degradation efficiency improved (Allen et al. 2008).  
Experiments were also conducted on the degradation efficiency of inorganic 
coatings and plasters based on their ability to remove NOx. Pirola et al. (2012) 
investigated two different kinds of coatings, a wall paint and a plaster, silicate 
or siloxane resin based. Commercially available resin was mixed with 2% by 
weight of TiO2 and 10% by weight of distilled water.  The thickness was 
maintained to 3mm and applied on Teflon plates using a paint brush for the 
paint and spatula for the plaster mixes. Initial tests for up to 2 weeks indicated 
that the performance of wall paints was better compared to plasters and silicate 
based products performed better than siloxane based products.  Comparison of 
long term performance indicates that siloxane based materials perform better 
than silicate based materials. While the siloxane based material slowly lost its 
activity to a fixed value, the silicate based coating showed a sudden loss of 
photocatalytic activity at about 150 days. This difference in performance is 
due to stability of the matrix.  Silicate based materials exhibit higher water 
absorption compared to siloxane based materials and this could be the reason 
for higher activity in the short term; however, in long term this could 
contribute to faster degradation of the coating matrix.  
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Maggos et al. (2007) compared the degradation of nitrogen oxides by 
mineral silicate paints and water-based styrene acrylic paints containing 10% 
TiO2.  Silicate paints with TiO2 were able to remove 74% of NO and 27% of 
NO2 while the styrene acrylic paints were able to remove 91% of the NO and 
71% of the NO2, indicating that the photocatalytic performance of the styrene 
acrylic paints was better. Tryba et al. (2014) compared the efficiency of 4 
different white photocatalytic paints, 2 silicate based, 1 latex based, and 1 
acrylic paint to degrade benzo[a]pyrene (BaP).  While the silicate based paints 
were meant for both indoor and outdoor application, the latex and acrylic 
paints were designed only for the indoor application.  The organic paints, i.e. 
the latex and acrylic paints showed higher decomposition efficiency (complete 
removal of BaP after 60 min exposure) compared to the inorganic silicate 
paints (only 20% degradation of BaP after 60 min of exposure). They 
attributed the poor performance of the silicate based paints to presence of 
potassium and high content of CaCO3, which could limit the access to the 
active sites.  The silicate paints contain TiOSO4 which is the source of 
photoactive anatase.  The sulphates from the TiOSO4 react with the potassium 
ions from potassium silicate forming potassium sulphate which may cover the 
surface of the TiO2 and render some of the TiO2 ineffective.  Moreover, due to 
the porous nature, the pollutant could be adsorbed on the CaCO3 instead of the 
TiO2. On the other hand, limited exposure to UV irradiation (5 hours) also 
showed good stability for the organic paints.   
Since organic coatings can be degraded by TiO2 (Salthammer et al. 
2007; Auvinen et al. 2008; Allen et al. 2009), and given the reasonable 
degradation efficiency for silicate based coatings, it may be better to use 
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silicate based coatings. Additionally, it is recommended to use paints without 
fillers (i.e. without CaCO3) so that sorption on the filler is limited and 
degradation ability is not affected.  
Effect of coating thickness 
Titanium dioxide based coatings have also been developed for 
application on other construction materials such as stones (usually in historical 
buildings). Licciulli et al. (2011) observed that synthesized titania sols applied 
on porous calcarenite stone found in historical materials can effectively 
remove methyl red dye and NOx. While results showed that no changes in the 
color, water absorption and vapor permeability occurred, microcracking was 
observed when the TiO2 concentration in the sol equals or exceeds 2% by 
weight (Licciulli et al. 2011).  It has been established that there exists a critical 
film thickness below which the films remain crack-free.  The critical thickness 
is dependent on the individual material and experimental setup.  For thickness 
greater than the critical film thickness, the crack spacing will be approximately 
10 times the film thickness, based on the relaxation of the stress in the vicinity 
of the crack.  Therefore, when applying sol-gel coatings, care has to be taken 
to ensure that the optimal dosage of TiO2 is utilized.   
Results also indicate that the number of layers of coatings also affects 
the degradation efficiency. Quagliarini et al. (2012) sprayed synthesized 
aqueous solutions of TiO2 (1% by weight) on limestone substrates (travertine) 
as either 1 coat or 3 coats.  The coatings demonstrated good degradation 
ability both in degradation of Rhodamine B as well as nitrogen oxide. While 3 
layers of coatings performed better compared to single layer, the degradation 
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efficiency did not increase proportionately with decrease in nitrogen oxide 
concentration of 33% and 25% for 1 and 3 layers, respectively.  This could be 
because the amount of TiO2 on the surface did not increase proportionately 
with increasing the number of layers. Additionally, the coatings also resulted 
in significant decreases in the contact angles with contact angle decreasing 
from 70° for control samples (without TiO2) to 20° and 13° for 1 and 3 layers 
of coating.  This change in the contact angle has been attributed to the 
presence of residual diethylene glycol (DEG) used during synthesis on the 
TiO2 surface.  The water absorption behaviour was also found to depend on 
the characteristics of the stone itself and not on coating and was not 
significantly affected by the coating. 
Effect of substrate 
It is expected that the substrate would have an influence on the 
photocatalytic efficiency of the coating. Auvinen et al. (2008) observed that no 
significant effect of the substrate (glass, gypsum or polymeric plaster) was 
observed in the photocatalytic behavior of the paints. However, Martinez et al. 
(2011) observed that the degradation efficiency was dependent on the 
substrates (mortar or glass).  The degradation efficiency of the glass decreased 
with continued exposure while that of mortar remained same. This was 
attributed to the adsorption of the nitrate ions on the surface thereby limiting 
the active sites of the TiO2 for the glass. On the other hand, due to the large 
absorption capacity of mortars, the deactivation of the photocatalysis would be 
slower.  Ramirez et al. (2010) evaluated the toluene removal efficiency for 
TiO2 coatings (dip or sol-gel coatings) on 8 different substrates including 
decorative white concrete, decorative concrete tiles, green plaster, white 
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plaster, autoclaved aerated white concrete, and three types of grey colored 
concrete tiles with different finishing. While insignificant toluene removal 
occurred with sol-gel coatings, dip coatings demonstrated considerable 
removal ranging from 41-86% for the different samples.  They attributed the 
presence of the ions in the sol-gel coatings leading to recombination and 
therefore lower activity of the TiO2.  The maximum removal efficiency was 
observed for dip coated samples on autoclaved aerated concrete.  This is 
attributed to the high porosity of the aerated concrete samples and implies that 
the porosity of the substrates plays an important role in the removal efficiency.  
Effect of weathering 
The long term performance of the TiO2-containing coatings is a major 
concern because such coatings are expected to have a certain service life. 
Experiments have shown that TiO2 coatings can be used on marble surface to 
prevent deterioration by sulfation implying the durability of TiO2 based 
coatings.  No cracks were observed and the rate of sulfation was lower than 
for bare marbles with coating thickness of 0.7 mm exhibiting the best 
protective performance (Poulios et al. 1999). Other studies indicate that an 
enormous decrease in the TiO2 mass (93-99%) and coating thickness (more 
than 98%) occurred when dip coating and vacuum saturated coatings were 
subject to accelerated weathering to simulate 25 years of central Europe 
weather conditions.  However, this does not seem to affect the photocatalytic 
efficiency with about 95% of removal efficiency observed even after the 
weathering cycle indicating that the remaining TiO2 nano-particles can help 
preserve the photocatalytic activity (Maury-Ramirez et al. 2012). Similar 
observations were reported in the case of photocatalytic degradation of Acid 
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Orange 7 by TiO2 containing aqueous acrylic dispersion.  Initially, the 
photoactivity of TiO2 in the polymer matrix was almost 2 orders lower 
compared to the pure photocatalyst performance. With 400 hours of 
weathering (UV irradiation, spray, condensation), polymer matrix containing 
4% and 8% by weight of TiO2, showed improved performance.  This was 
attributed to the degradation of the polymer film by the TiO2 resulting in 
increased surface exposure of the TiO2 (from 43% before weathering to 55% 
after weathering based on EDS measurements) (Baudys et al. 2015).  
Therefore, the above evidence indicates that TiO2 containing coatings exhibit 
sustained photocatalytic performance. However, since photocatalytic activity 
is highly dependent on the temperature, RH, irradiation, pollutant 
concentration, etc. it is difficult to judge if the coatings will demonstrate 
similar high degradation in the real service environment after weathering.   
Studies have been conducted to simulate weathering including solar 
irradiation and rain in climate chambers and it has been demonstrated that 
even with prolonged weathering, the amount of nano-TiO2 released is close to 
the background values.  Study of effect of different parameters such as type of 
support, type of water (de-ionized, tap or rain water), light irradiation (UV or 
sun) etc. indicate that the maximum amount of TiO2 was released when the 
paints were subject to UV-irradiation.  Since the organic paint matrix can be 
degraded by the photocatalytic activity of TiO2, the nanoparticles become 
exposed and this could contribute to the increased release of the TiO2.  
Interestingly, the degradation of the paint seemed to stop or pause. After the 
weathering cycle, the release of Ti did not increase (at least for the duration of 
the study) and concluded that the release of TiO2 from the outdoor paints 
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seems to be low and may not be a major mass flow of nano-TiO2 to the 
environment (Al-Kattan et al. 2013).  This implies that if the optimal amount 
of TiO2 is incorporated in a suitable binder, then it would be safe and 
sustainable.   
One possible choice for a binder is silicate coatings and more details 
regarding its chemical nature and properties are discussed below. 
Silicate coatings 
Silicate coatings are an important class of inorganic coatings.  They have 
been used in many architectural as well as retrofitting applications for a long 
time due to their good rheological properties, good weathering stability, easy 
water vapour permeation and easy applicability on building surfaces. 
The general formula for alkali silicates is M2O•(SiO2)n , where M is an 
alkali element such as  sodium, or potassium. These alkali silicates can 
impregnate the concrete and react with Ca(OH)2 present to form calcium 
silicates as shown in  the equations below, which results in surface hardening 
and increases the resistance to chemical penetration and attacks. By-products 
from the reaction include alkali hydroxides which in turn are converted to 




Reactions of alkali silicates with masonry substrates 
(source:Parashar et al. (2003)) 
 
Several studies attempted to utilize the photocatalytic properties of TiO2 
by incorporating it in silicate coatings with varying degrees of success (Jacobs 
2005; Barucco 2005; Naruse et al. 2007; Maggos et al. 2007; Allen et al. 2009; 
Bai et al. 2010; Vytrasova et al. 2011).  A summary of the substrates used and 
applications considered in these studies is shown in Table 2.6. Limited 
evidence is available on the self-cleaning efficiency of the silicate coatings 
incorporating TiO2. However, none of the tests was conducted on mortar or 
concrete substrate.  
Table 2.6 Summary of applications and studies of silicate coatings 









0.05, 0.1, 0.15 and 2% 
by total weight of 
Algal growth Slight to no algal 
growth with the 
𝑺𝒕𝒆𝒑 𝟏 
(𝑀2𝑂).𝑛(𝑆𝑖𝑂2)+ 𝐶𝑎(𝑂𝐻)2     →        𝐶𝑎𝑂. 𝑆𝑖𝑂2 + (𝑛  1)𝑆𝑖𝑂2 + 2𝑀𝑂𝐻 
Alkali Silicate      Calcium                  Calcium           Silicon        Alkali  
                 hydroxide                  Silicate           Dioxide    Hydroxide 
 
𝑺𝒕𝒆𝒑 𝟐 
2𝑀𝑂𝐻 +          𝐶𝑂2                    →            𝑀2𝐶𝑂3      +    𝐻2𝑂 
      Alkali             Carbon                             Alkali              Water 
           hydroxide           dioxide                         Carbonate 
 
𝑺𝒕𝒆𝒑 𝟑 
(𝑀2𝑂).𝑛(𝑆𝑖𝑂2)+     𝑚(𝑆𝑖𝑂2)           →                𝑀2𝑂. (𝑚 + 𝑛)𝑆𝑖𝑂2 
          Alkali Silicate            Silicon dioxide                             Higher ratio alkali silicate 
 
𝑺𝒕𝒆𝒑 𝟒 
2(𝑀2𝑂).𝑛(𝑆𝑖𝑂2)+     𝐶𝑂2           →    𝑀2𝑂. (2𝑛  1)𝑆𝑖𝑂2 + 𝑀2𝐶𝑂3 + 𝑆𝑖𝑂2 
Alkali Silicate             Carbon                        Higher ratio          Alkali     Silicon 
        dioxide                 alkali silicate             Carbonate           dioxide 
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2.3. Photocatalytic degradation of gaseous pollutants                                                                       
Degradation of the gaseous pollutants (NOx, SOx, CO) in the atmosphere 
is the most important application for the incorporation of TiO2 in the building 
materials.  The following section provides a review of the photocatalytic 
degradation of gaseous pollutants. Many studies have reported the efficiency 
of TiO2 on photocatalytic degradation of NOx, SOx, CO, and ozone under 
various experimental conditions (Kaneko et al. 2002; Maggos et al. 2007; 
Chen et al. 2009c; Pirola et al. 2012) and are discussed in the sections below. 
  
52 
2.3.1. Photocatalytic degradation of sulfur dioxide (SO2) 
Sulfur dioxide (SO2) is one of the criteria pollutants set by the US 
Environmental Protection Agency (EPA) and the main culprit of acid rains, 
vegetation damage, and building corrosion (Masters et al. 2008).  This 
pollutant also has a long standing role, directly and indirectly causing 
respiratory problems in humans including broncho constriction and acerbated 
asthma (Masters et al. 2008).  In addition, SO2 is often a dominant precursor 
leading to formation of airborne particles, degrading visibility and affecting 
climate patterns. The current Occupational Safety and Health Administration 
(OSHA) standard sets the permissible exposure limit (PEL) for SO2 as 5 ppm 
as an 8-hr average concentration (USEPA).   
Only some studies (Shang et al. 2002; Liqiang et al. 2004; Ao et al. 
2004; Toma et al. 2006; Shang et al. 2010) have examined the removal of 
sulfur dioxide (SO2). However, no published study examines how building 
materials containing TiO2 can photocatalytically remove SO2. In fact, among 
the available studies, the incomparable experimental conditions and test 
samples do not provide adequate understanding on feasibility of incorporating 
TiO2 in building materials and the resultant efficiency on photocatalytic 
removal of SO2.  Shang et al. (2002) reported degradation of SO2 of 4000 ppm 
over TiO2 powder under a primary radiation at 365 nm (5.3 mW/cm
2
, 15 cm 
below the light source).  Under the similar UV irradiation wavelength but a 
weaker intensity (0.75 mW/cm
2
), SO2 of 0.2 ppm was neither photolyzed nor 
degraded by TiO2 coated on glass fiber filters and Teflon plates (Ao et al. 
2004).  In addition to the light intensity, other parameters of different 
conditions employed in the individual studies, such as residence time of the 
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reactant and relative humidity (RH), also affected the observed removal 
efficiencies of SO2.  Several studies reported compromised reactivity of TiO2 
powder with time.  Studies have demonstrated that only with ultrasonic 
washing, the reactivity of TiO2 could be restored (Shang et al. 2002; Liqiang 
et al. 2004), which challenges effectiveness of integrating TiO2 with building 
materials.  
Available literature on photocatalytic SO2 degradation use TiO2 powder, 
or TiO2 coated on Teflon plates and glass fiber filters (Shang et al. 2002; 
Liqiang et al. 2004; Ao et al. 2004; Toma et al. 2006; Shang et al. 2010) that 
significantly differ from building materials such as coatings or 
concrete/mortars of high porosity and alkalinity.  On the other hand, when 
building materials (silicate coatings) were employed with photocatalysts 
(Jacobs 2005; Barucco 2005; Naruse et al. 2007; Maggos et al. 2007; Allen et 
al. 2009; Bai et al. 2010; Vytrasova et al. 2011), these studies focused on 
applications other than removal of SO2.  Hence, studies are needed to examine 
the removal efficiency of SO2 by introducing TiO2 in silicate coating 
applicable to building surfaces.   
2.3.2. Photocatalytic degradation of carbon monoxide (CO) 
Carbon monoxide (CO) is a product of incomplete combustion of carbon 
compounds.  The colourless, odourless gas is usually formed and emitted from 
incomplete combustion.  The health effects of inhalation of CO vary 
depending on the exposure concentration and duration. An intake of high 
concentrations of CO forming substantial amounts of carboxyhaemoglobin in 
the blood can be fatal because of its asphyxiant nature.  The current 
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Occupational Safety and Health Administration (OSHA) standard sets the 
permissible exposure limit (PEL) for CO as 50 ppm as an 8-hr average 
concentration (USEPA).   
Similar to SO2, limited literature is available on the photocatalytic 
degradation of CO by TiO2 (Linsebigler et al. 1996; Vorontsov et al. 1997; 
Einaga et al. 2003; Hwang et al. 2003). In fact, no published study examines 
how building materials containing TiO2 can photocatalytically remove CO.   
2.3.3. Photocatalytic degradation of nitrogen oxides (NOx) 
The sum of Nitric oxide (NO) and Nitrogen dioxide (NO2) present in the 
atmosphere is referred to as Nitrogen Oxides (NOx).  This group of highly 
reactive gases are the main precursors for the formation of Ozone in the 
atmosphere. Nitrogen dioxide (NO2) when present with aerosols is responsible 
for reddish-brown color of smog. The other gases in this group are colorless 
and odourless. The common sources of NOx are motor vehicles, electrical 
utilities, and other industrial, commercial sources that burn fuel. The current 
Occupational Safety and Health Administration (OSHA) standard sets the 
permissible exposure limit (PEL) for NO2 is 5 ppm as an 8-hr average 
concentration (USEPA).   
The photocatalytic degradation of nitrogen oxides is well studied. Many 
studies (Ao et al. 2003; Ichiura et al. 2003; JoeláGustafsson et al. 2006; 
Maggos et al. 2007; Poon et al. 2007; Maggos et al. 2008; Hüsken et al. 2009; 
Ballari et al. 2010; Laufs et al. 2010) have reported effective photocatalytic 
degradation of NO by TiO2.  Appendix B shows some of the studies using 
TiO2 in building material to degrade nitrogen oxides and the parameters 
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examined therein. The available evidence indicates that the photocatalytic 
oxidation of nitrogen dioxide (NO2) is similar to that of SO2 because NO2 
which is easily formed through oxidation of nitric oxide (NO) (by oxygen) 
would be oxidized by hydroxyl radicals (∙OH) to form nitric acid (HNO3). 
Hence, a significant amount of photocatalytic degradation of NO2 by mortars 
containing TiO2 and silicate coatings containing TiO2 is expected. 
Furthermore, Maggos et al. (2007) specifically studied the removal of NOx 
(220 ppb) by mineral silicate paint treated with 10% TiO2 coated on glass 
panels.  They observed that the blank specimens coated with mineral silicate 
(without TiO2) removed 8.5% NO and 32.9% NO2, while TiO2-containing 
silicate coatings can degrade 82.4% (NO) and 60.5% (NO2).  Researchers have 
also established a langmuir-hinshelwood kinetic model for the degradation of 
NO on concretes.  The model accounts for variation in the pollutant 
concentration, volumetric flow, irradiance and the relative humidity so that 
laboratory results can be used to predict of the photocatalytic concrete 
pavements in the field (Hunger et al. 2010).  While the reported findings 
demonstrate the promising capability of TiO2 photocatalysis to remove NOx 
from the atmosphere, further studies are needed for examination of the ozone 
generated during the photocatalytic process and its influence on the 
degradation.  
2.4. Photocatalytic degradation of particulate pollutants  
Particulate pollutants encompass a complex mixture of many 
components, such organic chemicals, metals, soil and dust particles. These are 
measured as two categories, PM2.5 and PM10, representing particulate matter 
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of size 2.5 and 10 µm, respectively, which in high concentrations can impose 
serious impacts on public health. Fuel combustion results in the production of 
a complex mixture of organic and elemental carbon compounds. The organic 
compounds generated include polycyclic aromatic hydrocarbons (PAH) and 
these are known to have carcinogenic and mutagenic impacts and hence need 
special emphasis (Miguel et al. 1998).  For the elemental carbon compounds, 
black carbon is important because of its significant contribution to the fine 
particle mass and known effects such as atmospheric visibility impairment as 
well as soiling building surfaces. The following paragraphs elucidate the 
importance of these two classes and why their degradation by TiO2 is to be 
studied. 
2.4.1. Polycyclic Aromatic Hydrocarbons (PAHs)    
Polycyclic aromatic hydrocarbons (PAHs) consist of carbon and 
hydrogen with a fused ring structure containing a minimum of 2 benzene 
rings.  They are distributed in the atmosphere and have received attention 
because they can be carcinogenic (Ravindra et al. 2008).  Some of the 




Figure 2.5 Common PAHs present in the atmosphere (* not included in the 
priority list, D: not listed as linked to human carcinogenicity, B2: probable 
human carcinogen) (Source:Ravindra et al. (2008)) 
As shown in Figure 2.5 some PAHs are identified as priority 
compounds.  The classification is awarded to those compounds which fulfil 
the following criteria: (1) if more information is available regarding their 
nature,   (2) if they are present in the higher concentration in the atmosphere, 
(3) if there is a chance for higher exposure to them, or (4) they are suspected 
to be more harmful (Ravindra et al. 2008).  The sources of the PAHs are 
widespread, from domestic sources such as natural gas appliances to industrial 
boilers and open burning of agricultural products (Maliszewska-Kordybach 
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1999).  This also leads to their widespread distribution in the atmosphere.  
Some regulations are based on the best known compound, benzo[a]pyrene 
(B[a]P).  European union has proposed a target value of 1ng/m
3
 B[a]P for the 
total content in the PM10 fraction averaged over a calendar year (Ravindra et 
al. 2008).  This indicates the importance of PAHs in the atmosphere and their 
degradation by using TiO2 in building surfaces will enable the creation of a 
healthier environment.   
Rhodamine B (RhB) is one of the most common surrogates for PAHs 
because the structure of RhB resembles some of PAHs (Figure 2.6). The 
Italian standard, UNI 11259 prescribes the self-cleaning efficiency of mortar 
containing TiO2 in terms of ability to degrade the red color induced from RhB.   
 
Figure 2.6 Structure of Rhodamine B (Source: 
http://www.sigmaaldrich.com/catalog/product/sigma/r6626?lang=en&region=
SG) 
The mechanism of degradation of RhB by TiO2 is also well investigated.  
Folli et al. (2009) studied the degradation of RhB by nano- and micro-sized 
TiO2 dispersed in white cement paste.    Degradation of RhB combines several 
processes.  Along with the reduction-oxidation reactions due to photocatalysis, 
dye sensitization process and influence of the intermediates, complicates the 
degradation.  Dye sensitization can occur even under visible light with 
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selective step-wise deethylation of the amino groups of RhB.  The TiO2 
surface is negatively charged and the amino group of RhB is known to have a 
slightly positive charge and therefore RhB may bind to the catalyst directly 
and be degraded. In the cement environment, the presence of calcium ions 
(Ca
2+
) adsorption reduces the higher negative surface charge on the surface of 
the nano-TiO2 and reduces the binding.  It results in a higher degree of 
dispersion and also higher exposed surface area for dye adsorption leading to 
effective degradation (Folli et al. 2009).     
The key challenge in analyzing the self-cleaning efficiency of coatings 
and mortars containing TiO2 is the discrepancies among evaluation methods 
used in the literature. Specifically, two major issues can be identified from the 
table shown in Appendix C.  Firstly, the photocatalytic ability is typically 
defined in terms of the dye degradation efficiency. However, dye 
concentration, initial color on specimen surface, and index used to evaluate the 
degradation efficiency vary among the reported studies. Secondly, light 
sources and intensities used in the reported studies also vary considerably. In 
particular, since higher light intensity on the surface will result in higher 
degradation of the dye, it is difficult to cross compare the results.  
Secondly, published research indicates reduced photocatalytic efficiency 
of TiO2 with time. Wu et al. (2004) observed that the irradiation time needed 
to completely degrade RhB on anatase films in the fifth cycle is double of that 
in the first cycle.  Similarly, Asilturk et al. (2006) reported longer degradation 
time of RhB with repeated usage of Degussa P25 TiO2, which is widely used. 
This indicates a durability issue in the degradation ability of TiO2 that needs 
further investigation.  
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2.4.2. Studies on black carbon/soot   
Black carbon (BC) generally refers to “light-absorbing refractory 
carbonaceous matter”, which may include soot and other light absorbing 
particles (Buseck et al. 2012). They are released during the combustion of 
biomass, fossil fuels, and solid fuels from a variety of industrial and residential 
sources.  Their most defining characteristic is that they absorb a range of 
wavelengths of solar irradiation (280 nm to 2500 nm). Soot is a carbonaceous 
material that is composed of both black carbon and organic carbon and may 
include inorganic materials such as metals and sulfates. The exact composition 
of soot depends on the combustion source. Another combustion generated 
carbonaceous material is carbon black. Carbon blacks are synthesized under 
controlled conditions and consist mainly of elemental carbon.  Estimates show 
that black carbon can lead to direct radiative forcing i.e. direct absorption of 
solar or terrestrial radiation, in the range of 0.2 to 0.9 W/m
2
.  Coupling with 
other semi-direct and indirect radiative forcing (such as cloud presence, 
composition, reflectivity etc.) and deposition effects, the anthropogenic black 
carbon can result in changes between -0.3 to 1.8 W/m
2 
(UNEP 2011).    This 
net change in the energy would imply a change in the global and regional 
temperatures resulting in large scale climate changes.   
Accumulation of dark particulate matter such as black carbon on 
building surfaces results in soiling or blackening, which significantly affects 
the aesthetic appearance of building surfaces (Newby et al. 1991; Grossi et al. 
2003). Accumulation of BC also leads to higher energy absorption by the 
building envelopes leading to an increase in the surface temperature of the 
buildings. Consequently, more energy needs to be spent on cooling such soiled 
  
61 
buildings. Black carbon and soot also have well-known ill effects on human 
health due to their ability to enter into the alveoli of human lungs. These 
particles may eventually end up in the bloodstream leading to serious health 
issues such as heart attacks and strokes. The World Health Organization 
(WHO) provides a comprehensive review of the health effects of black carbon 
(Janssen et al. 2012).  While there are indications that BC may not directly be 
the toxic component of fine particulate matter (PM2.5), it is a carrier for a 
wide variety of chemicals which have different toxic effects on human beings.  
Finally, black carbon also affects the global climate adversely in many ways 
(http://www.epa.gov/blackcarbon/effects.html). BC can also interact with 
clouds, which may result in indirect radiative changes as well as changes in 
precipitation patterns (Bond et al. 2013). Deposition of BC reduces the 
reflectivity (“albedo”) of snow and ice, thereby causing surface warming. 
Therefore, reducing the amount of black carbon may slow down the near-term 
rate of climate change as well as have a positive impact on human health, 
improve the aesthetic appearance of buildings, and reduce the energy 
consumption of buildings.  
Many researchers have shown that TiO2 can effectively remove soot 
(Lee et al. 2002; Lee et al. 2004; Mills et al. 2006; Chin et al. 2007; Chin et al. 
2009; Smits et al. 2012; Smits et al. 2013; Smits et al. 2014). These studies 
employ different techniques such as digital photography (Lee et al. 2004; 
Smits et al. 2013), Fourier transform infrared (FT-IR) spectroscopy (Mills et 
al. 2006), quartz crystal microbalance and UV-Vis spectroscopy (Chin et al. 
2009), and evolution of carbon dioxide (Smits et al. 2013; Smits et al. 2014) to 
obtain evidence of soot degradation by TiO2. Different reaction mechanisms 
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have also been proposed in the literature to explain the process of soot 
degradation by TiO2. Earlier studies indicated that photocatalytic degradation 
of soot may occur due to migrating 
•
OH radicals (Lee et al. 2002). However, 
more recent work using electron paramagnetic resonance (EPR) spectroscopy 
suggests that when black carbon comes in contact with TiO2, it reduces the 
local dioxygen concentration in the TiO2 powder and the weakly absorbed 
radicals on the carbon particles can act as alternative traps for the 
photogenerated conduction band electrons (Smits et al. 2012). Insitu FT-IR 
also reveals that complete oxidation of soot occurs with conversion to CO2 and 
no intermediate CO is observed (Smits et al. 2012).  
The ability of TiO2 to degrade soot has been exploited to develop 
photocatalytic building materials with self-cleaning property (Smits et al. 
2013). In addition to restoring the aesthetic appearance of buildings, the 
degradation of black carbon or soot by photocatalytic building materials can 
also help in maintaining the solar reflectance of building surfaces. It is well-
known that deposition of pollutants on building surfaces can cause a reduction 
in the reflectance of such surfaces. Studies have shown that pollutant 
deposition reduces the reflectance of roofing materials (or increases their 
absorbance), thereby resulting in higher roof surface temperatures (Paroli et al. 
1993; Eilert 2000; Berdahl et al. 2002; Cheng et al. 2012; Kültür et al. 2012)   
et al. 2012). Sleiman et al. (2014) proposed a laboratory test method for 
studying the soiling of a building envelope and its effect on solar reflectance. 
They show that even a loading of 0.76 μg/cm2 black carbon can cause up to 
20% reduction in the solar reflectance. While a variety of methods such as 
wiping, rinsing, detergent washing, algae cleaner washing have been tried to 
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maintain the solar reflectance of building surfaces, none of them are really 
cost-effective. For example, simple washing with water can help the 
specimens regain their reflectivity (Akbari et al. 2005), but it is a labor 
intensive solution. Hence, incorporation of TiO2 in the building coatings with 
self-cleaning efficiency can lead to savings on maintenance costs as well as 
energy savings by reducing the heat absorbed by the building surfaces. 
Overall, laboratory accelerated studies suggest that TiO2 can effectively 
degrade gaseous pollutants such as NO2 and SO2 as well as particulate 
pollutants. Depending on the targeted pollutants to be mitigated, prudent 
selection of TiO2 loading is important to have cost-effective applications. 
Field studies are needed to investigate the long term performance and 
durability of photocatalytic materials when they are challenged with airborne 
pollutants comprising both gaseous and particulate pollutants with 
complicated composition.    
2.5. Titanium dioxide containing building material exposed to 
the natural environment 
Titanium dioxide photocatalyst containing building materials have 
attracted attention in recent years in construction industry because of their 
self-cleaning and de-polluting functions. Examples of some pilot projects 
employed TiO2 photocatalysts mixed in cement pastes in reinforced 
concrete structures for de-pollution and self-cleaning applications include 
The Music and Arts City Hall, Chambery, France, 2001, The “Dives of 
Misericordia” church in Rome, Italy, 2003, Air France Building, Roissy-
Charles de Gaulle Airport, France, 2006, Torre de Especialidades, Mexico, 
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2013 (Figure 2.7).  However, only limited information on long-term studies 
are available in literature to demonstrate the self-cleaning performance in 
real service environment.   
 
Figure 2.7 Photos of buildings using photocatalyst: (a) The Music and Arts 
City Hall, Chambery, France, (b) The “Dives of Misericordia” church in 
Rome, Italy, (c)Air France Building, Roissy-Charles de Gaulle Airport, 
France, and (d) Torre de Especialidades, Mexico. 
 Motohashi et al. (2007) examined the self-cleaning efficiency of 13 
different commercially available coating systems containing TiO2. The 
tests were conducted at Building Research Institute, Tsukuba City, Japan 
for a duration of 5.5 years for specimens facing north or south directions.  
Through the evaluation of color change (L* readings), scanning electron 
microscopy (SEM) images, chalking degree, and contact angle (for 





of the photocatalytic coatings.  The L* reading of 100 indicates white, and 
L* reading of 0 indicates black. An increase in L* reading indicates that the 
specimens become whiter in color. A change of 0.5 for the L* reading is 
considered the minimum color variation that can be identified by human eye 
(Diamanti et al. 2008).   Polyurethane enamel paint with barrier primer and 
TiO2 clear coat showed a delta L* (L* before exposure – L* after exposure) of 
– 1.67 after 5.5 years of exposure facing south direction (delta L* of – 6.00 for 
specimens facing north).  In comparison, the control polyurethane enamel 
paint showed a delta L* of – 12.72.  Acrylic enamel paint with barrier and 
TiO2 and silicone enamel paint containing TiO2 performed the worst with the 
L* readings changing by – 10.77 and – 11.21 respectively for specimens 
facing south direction.  This clearly indicates that the self-cleaning 
performance of TiO2-containing coatings is limited because the coatings 
experience a decrease in the white color. The photocatalytic degradation 
ability of the specimens was also evaluated based on methylene blue 
degradation experiment.  Specimens which were able to degrade the 
methylene blue also showed almost no change in color (L* reading) 
exhibiting self-cleaning efficiency.  No direct relationship was established 
between the chalking degree and the change in the L* readings. Paints that 
exhibited best performance in terms of color change, showed a high degree 
of chalking.  The chalking proved that organic coatings are not a good 
carrier for TiO2 photocatalysts.  Cracks were observed under SEM for some 
samples even before outdoor exposure.  These cracks were attributed to 
shrinkage of the photocatalyst clear coating layers. An increase in the cracking 
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was observed after outdoor exposure. Interestingly, the cracked samples can 
continue to have photocatalytic activity. 
 Diamanti et al. (2008) investigated the effect of outdoor exposure 
on the self-cleaning efficiency of mortar specimens with anatase form of 
TiO2.  Different dosages of TiO2 were incorporated in the mortars as 
powders, suspension, or a combination of the powder and suspension. The 
specimens were exposed outdoor in Milan (15 m altitude, 45
○
 slope, facing 
south) for 70 days followed by exposure to simulated solar irradiance in a 
chamber in a laboratory for 50 days.  Along with L* readings, other color 
coordinates, i.e. a* and b* were also evaluated.  Negative a* readings 
correspond to green color and positive values represent red color.  For the b* 
readings, negative values represent blue color while positive values represent 
yellow color.  A change in the a* and b* readings by 1 can be identified by 
human eye (Diamanti et al. 2008). The self-cleaning performance based on 
color change of all the TiO2-containing specimens was similar or inferior to 
that of the reference specimens without TiO2 for outdoor exposure. The 
performance of the specimens depends on the method by which the TiO2 
was incorporated even with the same TiO2 dosage. Another important 
observation was that the self-cleaning performance in the outdoor 
environment did not follow the efficiency classification obtained from the 
laboratory tests (degradation of acetone).  This is because the removal of 
pollutants from the surface of specimens occurs as a synergistic effect of 
photocatalytic degradation and superhydrophilicity. Hence, laboratory tests 
showing only the degradation performance may not represent the real 
service environment.  With further exposure to artificial irradiance in the 
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laboratory, the specimens showed increased rate of non-negligible color 
changes for both b* and L*.  Since the specimens were not exposed to rain in 
the indoor environment, the performances of the specimens in the indoor 
and the outdoor environment were not similar. They suggest that water plays 
an important role in the self-cleaning process. This also implies that outdoor 
testing is necessary and cannot be replaced by laboratory tests only.   
 The self-cleaning performance of specimens containing various 
color pigments (grey, yellow, red, brown with pigment content of 2% or 
4%) and white mortar specimens with or without 5% TiO2 photocatalyst 
exposed to the same outdoor environment in Milan for 7 months  were 
evaluated (DiamantiLollini et al. 2013). Increase in L* and b* readings was 
observed and was attributed to the degradation of organics on surface of 
white specimens containing TiO2 photocatalyst. It was also observed that 
the brown, red and grey specimens containing TiO2 photocatalyst 
experienced a reduced darkening and recovered their initial color faster.  
This occurred after the self-cleaning function was activated with increase in 
solar radiation from the third month onwards.  The yellow mortars did not 
exhibit any remarkable brightness increase and the behaviour was similar 
to non-photocatalytic ones.  The inferior performance of the yellow mortars 
was attributed to the leaching of the highly soluble iron hydroxide pigment 
(FeOOH) which can occupy the surface sites of TiO2 and hinder their self-
cleaning performance.  
Macro studies on the ability of TiO2 coated panels to remove 
gaseous pollutants has also been carried out.  Chen et al. (2011) evaluated 
the NOx degradation by concrete road surface coated with TiO2 and 
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activated carbon permeable as an aqueous spray solution.  The road was 
subjected to an actual traffic environment in the Zhonghe Toll Station, 
China.  One part of the road coated with TiO2 and one part without TiO2.  
Air samplers were placed on both parts to measure the gaseous pollutant 
concentration.  Three main steps influence the photocatalytic oxidation: (i) 
mass transport and adsorption of pollutants from the bulk air to the surface 
of the catalyst, (ii) photocatalytic reaction on the catalysts and desorption 
and (iii) mass transport of the reaction products from the surface of catalyst 
to air.  Results indicated that the NOx concentration was lower for the TiO2 
containing coating with the minimum concentration occurring at time 14:00 
which corresponds to the time when the UV light has maximum intensity 
(maximum decontamination rate of 24% and minimum of ~12%).  The 
decontamination efficiency was also different during the winter and 
summer seasons with lower decontamination efficiency in winter.  This is 
attributed to different absorption efficiencies due to change in the relative 
humidity and temperature. A similar experiment on road surfaces and 
sidewalks with photocatalytic blocks was carried out in Bergamo, Italy 
where a 500 m long road section with surface area of about 12,000 m
2
 was 
coated with TiO2 for 2 weeks each in November and January (Guerrini et 
al. 2007).  The NOx and NO concentrations were observed to be 250 ppb 
and 194 ppb at distances of 30 cm from the ground for the photocatalytic 
pavement as against concentrations of 336 ppb and 270 ppb for NOx and 
NO respectively for asphalt pavement.    At distances of 180 cm, the NOx 
and NO concentrations were reduced by 20%.  These tests show that 
photocatalytic pavement are indeed effective in removing gaseous 
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pollutants, however it is difficult to evaluate due to varying diurnal and 
seasonal changes. The NOx degradation efficiency decreases due to the 
accumulation of absorbed nitrates with time (Chen et al. 2011).  They 
suggested that the weak nitric acid can be washed away by rain. 
While these studies provide a good indication of the performance of 
the TiO2 containing building material in the outdoor environment, studies 
are needed especially in tropical climates where the solar irradiation, 
temperatures, and relative humidity may be different from Europe or Japan. 
Other concerns include the formation of gaseous nitric acid which can be 
harmful to human health (Langridge et al. 2009) and potential toxicity from 
the nanoparticle inhalation (Lee et al. 2010).   TiO2 is used in a number of 
applications like lacquers, plastics, papers, cosmetics, fabric coatings, printing 
inks, welding fluxes, etc., apart from construction material, and several studies 
have tried to identify the risks associated with their extensive usage (Zhu et al. 
2011; Foltête et al. 2011; Kim et al. 2012; Reijnders 2013).  It has also been 
pointed out that TiO2 incorporated in paints and coatings usually have tight 
size control which ensures that it remains in the binder (Kim et al. 2012) and 
this could offset some of the potential issues in application in construction.   
2.6. Scientific issues to be addressed  
The above review shows that TiO2 photocatalyst exhibits excellent 
degradation ability for degradation of wide variety of gaseous (e.g. nitrogen 
oxides, sulphur oxides) and particulate pollutants (e.g. rhodamine B, black 
carbon).  However, as mentioned, there are few studies available for 
evaluating the performance of TiO2 incorporated in building material. Even 
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among these studies, there are differences in the experimental set up used 
(pollutant concentration, type of light used, intensity of the light irradiation 
etc.) making it difficult to compare the degradation abilities. 
Incorporation of TiO2 in coatings also poses challenges because many of 
the building coatings contain organics, which can be degraded by the TiO2, 
leading to chalking effect (or appearance of a white film on the surface).  It is 
therefore necessary to identify a suitable coating substrate that can contain the 
TiO2 without exhibiting adverse effects.  The coating also needs to be tested 
on mortar/concrete substrates because studies have shown that substrate can 
affect the performance of the photocatalytic coatings.  Studies are also 
necessary to directly compare the performance of TiO2 incorporated in mortars 
vs. coatings.  Even though studies are available evaluating the performance of 
TiO2 incorporated in cements/mortars/concretes, the varying experimental 
conditions, makes it difficult to compare with coatings. 
The second concern is the long-term degradation ability of the 
photocatalytic mortars and coatings.  Studies have reported a reduction in the 
degradation ability of photocatalysts with time due to accumulation of the 
intermediates and products blocking the active sites of the TiO2.  Studies are 
necessary to evaluate whether the photocatalytic coatings can serve adequately 
by continual exposure to gases as well as particulate pollutants.   Further 
studies are also needed to evaluate when TiO2 is incorporated in mortars and 
concretes are used in reinforced concrete structures.   
Finally, little work has been done to link the self-cleaning efficiency of 
these photocatalytic building coatings to energy savings.  Self-cleaning 
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building coatings can prevent soiling of the building surfaces and maintain the 
aesthetic appearance of the buildings over long term.  This implies that the 
absorption of energy by the soiling material is reduced.  The focus of this 
research work would be development of a suitable photocatalytic building 
material with self-cleaning function (maintain aesthetic appearance), 
degradation of gaseous and particulate pollutants (improve the air quality) and 




Chapter 3. Photocatalytic degradation of gaseous 
pollutants 
This chapter evaluates the ability of silicate coating material containing 
various dosages of TiO2 to degrade some of the important gaseous pollutants 
in the atmosphere such as SO2, NO2 and CO.  The factors contributing to the 
degradation efficiency such as photolysis, sorption and photocatalysis are also 
examined.  
3.1. Experimental Details  
Test Specimens 
The mortar specimens used (diameter = 52 mm, thickness = 12 mm) 
had water/cement (w/c) and sand/cement of 0.5 and 2.5 in mass, respectively, 
and 28-day compressive strength of 45.4 ± 2.4 MPa. After moist curing at 28–
30°C for 7 days followed by exposure to laboratory air for 21 days, all 
surfaces of the mortar specimens, except for the top, was coated with epoxy to 
minimize undesired interference (such as diffusion of the gases) into the 
porous specimens during the test. The top casting surface of the mortar 
specimens was ground to a smooth finish to obtain a similar surface roughness 
before silicate coating with or without TiO2 was applied. 
Commercially available TiO2 photocatalyst
5
 employed in this study 
comprises about 80% anatase and 20% rutile with properties summarized in 
Table 3.1.  The TiO2 was incorporated in a silicate coating in three dosages of 
0% (control), 5%, and 15% of silicate solid weight.  This is equivalent to 0%, 
                                                 
5




0.2% and 0.7% by volume of the liquid silicate coating. The dosages of TiO2 
were selected based on our concurrent study investigating degradation of 
Rhodamine B, which shows that more Rhodamine B was degraded with 
increasing TiO2 dosages, but a TiO2 dosage higher than 15% did not 
significantly improve the performance. Hence, two dosages, 5% and 15% 
TiO2 by solid weight of the silicate, were chosen to examine the removal of 
the gaseous pollutants in this study. 
Table 3.1 Properties of the TiO2 photocatalyst
*
 
Characteristics Typical Value 
Specific surface area (BET) (m
2
/g) 50 ± 15 
Average primary particle size (nm) 21 
Density (g/l) Approximately 130 
Ignition loss (2 hrs at 1000 
0
C) (wt.%) ≤  2.0 
pH-value 3.5 – 4.5 
TiO2-content (based on ignited material) (wt.%) ≥  99.5 
*





 adopted in this study had a solid content of 13.5% 
with a pH of approximately 11. The TiO2 was homogeneously suspended in 
the silicate through ultrasonic mixing
7
 for 10 min prior to applying the coating 
mixture on the ground mortar surface for three layers. Each silicate layer was 
coated onto mortar specimens and air dried under a temperature of 22°C and 
RH of 50–60%. After drying for about 3 h, the coated specimens were stored 
                                                 
6
 KeimConcretalFixativ (Concretal Dilution – FixativConcretal), KEIM Mineral Paints, UK 
7
 Model 300V/T, Biologics, Inc 
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in a dry cabinet at 50% RH (22°C) until testing. Roughness of the coated 
surface was measured for individual specimens using a surface roughness 
tester
8
. The top surface of the specimens was coated with either epoxy or with 
silicate coating (with and without TiO2); based on statistical single factor 
ANOVA tests, the coating (epoxy or silicate) rendered similar surface 
roughness ranging from 6.2 ± 0.9 to 6.8 ± 0.8 µm (n > 10).  
The SO2 removal efficiency of individual types of coatings (epoxy, 
control silicate coating, 5% and 15% TiO2 in silicate coating) was obtained 
based on three specimens, and each specimen underwent 10 repeated reaction 
cycles as described in the following section. To evaluate the NO2 removal 
efficiency, two specimens each for epoxy coating, control silicate coating and 
5% and 15% TiO2 in silicate coating were examined.  Each specimen 
underwent 3 cycles (except for 1 specimen of 15% TiO2-containing silicate 
coated specimen for which 4 cycles were carried out).  For tests on CO 
removal, one specimen completely coated with epoxy, control silicate coating 
and 15% TiO2 containing silicate coating were examined.  Each specimen 
underwent 5 cycles of CO exposure. 
Reaction system and experimental procedure 
A photocatalytic reaction system (Figure 3.1) was designed in-house to 
investigate the efficiency of TiO2 in building materials on photocatalytic 
degradation of various gaseous pollutants such as SO2. The reactor has an 
inner volume of 0.002 m
3
 (inner diameter of 110 mm and a height of 210 
mm), and was made of stainless steel with an inner coating of Teflon to 
prevent corrosion caused by acidic gas. It has a 10-mm thick borosilicate glass 
                                                 
8
 Model SJ-201, Mitutoyo Asia Pacific Pte Ltd, Japan 
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cover to provide high transmittance of light, and is equipped with a jacket of 
cooling water to maintain a constant temperature throughout individual 
experiments. To ensure that the reactor was well sealed, leak tests using soap 
water were carried out at all joints and around the glass at regular intervals 
during the course of individual experiments. 
A 1000-W Xenon Lamp
9
 was used as a light source (Figure 3.1) to 
simulate the intensity and spectra of sunlight at 48.2° zenith angle, which is 
representative of average sunlight conditions in tropical and sub-tropical 
regions. A distance of 270 mm was maintained between the lamp and 
specimen to provide a light intensity ranging from 56 to 66 mW/cm
2
 for the 
full spectrum (250–2500 nm) over individual specimens. The intensity 




Figure 3.1 Schematic of photocatalytic reaction system 
                                                 
9
 Model 91190, Newport-Oriel Instruments, USA 
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Compressed air 





Sampling bag  









The initial concentration (14 ppm for SO2 and NO2 and 50 ppm for 






 gas with 
compressed air
13
 using mass flow controllers (MFCs)
14
 and introduced into the 
reactor at flow rates of 150 ml/min (for SO2), 200 ml/min (for NO2) or 2000 
ml/min (CO). The initial concentration was selected to evaluate the effects of 
TiO2 content in the silicate coatings on the photocatalytic removal of the 
gaseous pollutants based on the resultant photocatalytic kinetics for individual 
experiments. While the concentrations are much higher than the ambient 
gaseous pollutant concentrations in Singapore, such an initial concentration is 
required to obtain proper kinetic trends. A separate study later should be 
devoted to assess the long-term performance of photocatalytic building 
materials under simulated urban atmosphere, and examine how other airborne 
pollutants (such as particulates) affect photocatalytic removal efficiencies of 
the gaseous pollutants. 
The RH in the reactor during the photocatalytic reaction is low 
(average ~2% at 30 ± 2°C) and would incur negligible dissolution of the gases 
in water, which is required to measure reduction in the gases attributing to 
photocatalytic reactions triggered by the TiO2-containing silicate coating 
alone. While effects of RHs on resultant photocatalytic removal efficiencies 
are worth to be investigated as an independent study, the low RH in this study 
provides a worst-case scenario because little water molecules would limit 
                                                 
10
 Supplied by National Oxygen Pte. Ltd., Singapore, with a concentration of around 110 ppm 
11
 Supplied by National Oxygen Pte Ltd., Singapore, with a concentration of 111.9 ppm 
12
 Supplied by National Oxygen Pte Ltd., Singapore, with a concentration of 10,000 ppm 
13
 RH < 10% 
14
 Model SLAMf50, Brooks Instrument, Singapore 
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formation of hydroxyl radicals and hence lower the amount of degraded 
gaseous pollutants. 
For each specimen subjected to SO2, the same procedure over 120 min 
was repeated for 10 times. Among the published batch reaction of SO2, 
depending on the experimental setup (e.g., light source and intensity, etc.), the 
duration of batch reactions was up to 180 min (Liqiang et al. 2004). Although 
the duration of this work (120 min) is shorter than the general ambient 
residence time of SO2 (1–7 days) (Ibanez et al. 2010), implying favorable 
feasibility of removing ambient SO2 before its disappearance through other 
processes (e.g., nucleation, wet scavenge, etc.), an independent exercise taking 
into account the probability of gas–solid mass transfer (similar to contact 
probability) and relevant atmospheric processes should be conducted to 
evaluate how laboratory experimental data can be applied to outdoor urban 
environment.  Preliminary experiments for NO2 indicated rapid decrease in the 
concentration of the NO2 with irradiation, so the duration of the NO2 study 
was limited to 40 min.  On the other hand, little change in the CO 
concentration was observed in the 120 minutes, so the irradiation was 
extended to 320 minutes. 
For individual experiments, once the consistent light intensity and 
temperature (30.3 ± 2°C) were achieved, the photocatalytic kinetic reaction in 
batch with an initial SO2 concentration of 14 ppm took place by examining the 
temporal changes of the SO2 concentration in the reactor over a duration of 
120 min.  In brief, the temporal SO2 concentration in the reactor was measured 
by first withdrawing 25 ml of SO2 every 15 minutes using a gas-tight syringe.  
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The withdrawn SO2 was further diluted using a dual valve kynar sampling 
bag
15
 and then measured by UV fluorescence SO2 analyzer
16
.  Between every 
adjacent experimental cycles, the specimen rested in the reactor in the dark 
under constant temperature and RH. The same procedure was also adopted for 
NO2 and CO.  However, the NO2 reactions were conducted for 40 minutes 
with withdrawals every 5 minutes while CO was irradiated for 320 minutes 
with withdrawals every 40 minutes (except for the first cycle of the 15% TiO2-
containing specimen which was carried out for 120 minutes with withdrawal 
every 15 minutes). 
To differentiate degradation of SO2, NO2 or CO through photocatalytic 
reactions from other processes, photolysis and sorption of the gases onto the 
coating surface were investigated.  Photolysis of the gases in the reactor 
(without specimen) was examined in batch.  Sorption of the gases onto the 
coating surface is expected and therefore examined using mortar specimens 
with two types of coatings on the top surface, epoxy or silicate without TiO2. 
Under the irradiation of simulated solar light, the sorption incurred on the 
epoxy coating is attributed to physi-sorption whereas the amount of 
SO2/NO2/CO sorption on the silicate coating should result from both physi-
sorption and chemi-sorption.  If all the employed specimens have comparable 
physi-sorption capacity assuming that their surface roughness, specific surface 
area, and affinity to the gases are similar, the difference between the sorption 
onto the two types of coatings can be attributed to chemi-sorption, which is 
mainly through neutralization of acidic gases with alkali silicate. 
                                                 
15
Model 01410-54, Cole Parmer, USA 
16
Model APSA 370, Horiba, Singapore 
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To achieve satisfactory quality control and assurance for individual 
tests, the gas analyzers and MFCs were calibrated, and the light intensity was 
maintained at a constant value for every test.  The overall operational error 
was around 6% (n=27) of the initial reactant concentration, taking into account 
propagated errors from detection sensitivity and performance consistency of 
gas analyzer, multiple MFCs, dilution as well as, gas sampling.   
3.2. Results and Discussion 
3.2.1. Photolysis and sorption of SO2, NO2 and CO 
A small amount of photolysis of SO2 occurred with 906.6% (n=3) of 
the initial SO2 concentration remaining in the reactor after 120 min (Figure 
3.2).  This agrees with an earlier study by Ao et al. (2004), and is expected 
because single photon-induced photolysis of SO2 requires UV < 200 nm 
(Masterson et al. 2011), which is absent from our light source.  While UV 
260–340 nm can cause loss of SO2 by exciting SO2 which binds with other 
SO2 at ground state to form SO3 (Masterson et al. 2011), intermolecular 
collision with various gas molecules (e.g., O2) encourages the excited SO2 to 
return to ground state, diminishing the loss of SO2.  Since there is sufficient 
amount of air molecules (760 Torr) in our reaction system, and UV 260–340 
nm of our light source contributes only around 4% of the total solar light 
intensity exerted onto the specimens, it is not surprising that around 10% of 
SO2 was reduced through photolysis.   
An average of 10 repeated tests shows that a total of 28% and 40% of 
SO2 were reduced over the epoxy and silicate coating, respectively (Figure 
3.2); excluding the photolysis effect, 18% and 30% of SO2 was reduced 
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through sorption onto the respective epoxy and silicate coating.  Taking 
experimental errors into account, statistical student t-tests show that the 
sorption of SO2 onto the silicate coating is significantly higher than that onto 
the epoxy coating.  This is expected because silicate coating with alkaline 
nature (pH of around 11) would incur chemi-sorption (neutralization) in 
addition to physi-sorption.  Since both epoxy and silicate coating yielded 
similar surface roughness and if epoxy and silicate coating surface provide 
comparable physi-sorption capacity, around 10% reduction in SO2 could be 
attributed to chemi-sorption onto the silicate coating.   
The SO2-silicate reaction can follow a process similar to carbonation as 
shown in Eq. (3.1), where the alkali silicate reacts with acidic carbon dioxide 
forming products with a higher fraction of SiO2 in the compound (1
st
 product, 
Eq. (3.1)), carbonate and silicon dioxide (Eq. (3.1)).  In this study, the 
potassium silicate in the form of K2SiO3, for example, can react with SO2 
forming potassium sulfate and silicon dioxide as shown in Eq. (3.2).  If all 14-
ppm SO2 reacts with silicate, as a worst-case scenario, this would render a loss 
of 53 µg of potassium silicate corresponding to less than 0.005% of the total 
amount of silicate coating applied on the mortar surface, demonstrating 
negligible impact on the silicate coating.   
2(M2O) ∙n(SiO2) + CO2  M2O∙ (2n – 1)(SiO2) + M2CO3 + SiO2        (3.1)[21], 
where M stands for elements such as sodium, potassium or lithium. 
2K2SiO3 + 2SO2 + O2  2K2SO4 + 2SiO2                                                     (3.2) 
The removal of NO2 over epoxy coating is much higher than SO2 mainly 
because of significant photolysis converting NO2 to NO as shown in Eq. (3.3) 
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below.  The dynamic among reactions 3.3-3.6 together is a null cycle that 
under a steady state, would result in a constant concentration of NO2, NO, and 
O3.  In this study, the null cycle reactions are expected to take place 
concurrently with physi-chemisorption and photooxidation of NO2 because of 
activated TiO2.  
NO2+hν  → NO + O                                                                                                  (3.3)                                                                                                                    
O + O2  → O3                                                                                                               (3.4)                                                                                          
NO + O → NO2                                                                                                           (3.5) 
NO + O3 → NO2 + O2                                                                               (3.6) 
 
It is worthwhile to note that while Table 3.2 shows effects of individual 
processes on the removal of gaseous pollutant, the synergistic effects of 
various processes should be referred to the overall results as shown in Figure 
3.2 and Figure 3.4. Table 3.2 compares the removal efficiencies both SO2 and 
NO2, which were investigated using the same approach and study system, and 
hence resulting in comparable data that are needed in the literature. Irradiation 
of specimens which were completely coated with epoxy was carried out to 
determine the effects of physi-sorption and null-cycle reactions on the 
concentration of NO2.  Results show that at the end of 40 min, the 
concentration of NO2 decreased by 68%, attributing to effects of both physi-
sorption and null-cycle reactions together.  Out of the 68% of NO2 reduction, 
49% of NO2 can be eventually converted as NO through the null-cycle 
reactions (Figure 3.4), and hence, ~ 19% of reduction in NO2 concentration 
could be caused by physi-sorption onto the epoxy surface.  This is consistent 
with the results of other studies showing that during the irradiation of NO2, 
NO is also a by-product (Maggos et al. 2007). This implies that similar 
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amount of SO2 and NO2 were removed through physisorption onto epoxy 
coating surface (~18%) and through chemisorption unto silicate coating 
(~12%) (Table 3.2). 
 
Table 3.2 Removal of SO2 (14 ppm) and NO2 (14 ppm).  
  Removed gaseous 
pollutant (%) 
Specimen surface Process 
involved 




Epoxy coating Photolysis & 
Physisorption 
28.011.82 67.94.1 
Silicate coating (no TiO2) Chemisorption 12.115.6 10.05.3 
Silicate coating with 5% TiO2   Photocatalysis 10.113.7 TBD
4
 
Silicate coating with 15% TiO2   Photocatalysis 36.711.6 TBD
4
 
Overall removal by silicate coating with 5% 
TiO2 
50.29.1 73.85.9 




For silicate coating with 15% TiO2, n=7; 
2
Inclusive of ~10% removal through 
photolysis; 
3
Inclusive of ~50% removal through photolysis estimated based on 





Results show negligible degradation of CO for specimens completely 
coated with epoxy (Figure 3.5) after 320 minutes of irradiation, indicating 
little physisorption and photolysis. The control silicate specimens also showed 
non-observable sorption, demonstrating little chemisorption of CO on the 
surface of the silicate coating (Figure 3.5). 
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3.2.2. Effect of TiO2 dosage in silicate coating on degradation of SO2, NO2 
and CO 
SO2 
The silicate coating with 15% of TiO2 demonstrates superior capacity 
to that with 5% TiO2 on SO2 removal as shown in Figure 3.2.  The overall SO2 
removal by the 15% TiO2 in the silicate coating was twice as effective as the 
5% TiO2 as shown in Figure 3.2, taking together all removal of SO2 resulting 
from the photolysis, sorption and photocatalytic degradation by the TiO2-
containing silicate coating.  Based on all the 10 experimental cycles, in 
average, around 77% (71–86%) of the SO2 was removed by the silicate 
coating containing 15% TiO2 with less than 25% of SO2 remaining in the 
reactor, whereas 50% of initial SO2 remained in the reactor when the silicate 
coating with 5% TiO2 was employed.  
To investigate how the TiO2 content in the silicate coating affects 
removal efficiency of SO2 through photocatalytic reaction alone, photolysis 
and sorption of SO2 obtained from the performance of control specimens were 
subtracted from the total reduced SO2 as given in Figure 3.2, where the y-axis 
shows the SO2 remaining in the reactor.  It is worth noting that since the 
addition of TiO2 decreases the amount of silicate coated on mortar specimens 
and resultant chemi-sorption, excluding the maximal amount of sorption 
obtained from abovementioned control tests (without TiO2) would result in a 
lower bound of efficiency (conservative result) for photocatalytic oxidation of 





Figure 3.2 Removal of SO2 through photolysis, sorption onto epoxy or silicate 
coating, and over silicate coating containing 5% and 15% TiO2.  Results of 
photolysis effects are average for 3 experiments.  For other experiments 
shown, each data point represents an average of 30 values (10 cycles of 

















































Figure 3.3 Photocatalytic degradation of SO2 by silicate coating containing (a) 
5% TiO2, and (b) 15% TiO2.  Results exclude effects of photolysis and 
sorption of SO2 by the coatings. To provide clear trends, only five out of 10 
sets of reaction cycles are shown. 
 
Regardless of the TiO2 content in the silicate coating, the TiO2-













































the 10 repeated reaction cycles (Figure 3.3).  Although SO3, one of the 
products of photooxidation of SO2, was hypothesized to compromise the 
active sites of TiO2 leading to decreased reactivity (Shang et al. 2002; Liqiang 
et al. 2004), statistical analyses of our data showed that the removal efficiency 
of SO2 among the 10 repeated reaction cycles was similar (Figure 3.3).  At the 
end of individual 120-min photocatalytic reaction cycles, the silicate coating 
with 5% TiO2 photocatalytically removed 3.3–14.8% of the initial SO2 (Figure 
3.3 (a)).  On the other hand, the coating with 15% TiO2 reduced up to around 
40% of the initial SO2 (Figure 3.3 (b)).  The inset of Figure 3.3b shows the 
temporal trend of averaged SO2 concentration of 10 repeated reaction cycles, 
which follows a fashion of pseudo-first-order reaction kinetics with reduction 
in SO2 mainly occurring in the first 60 minutes; additional 60-minute 
measurements after the temporal concentration trend in SO2 leveled off 
(Figure 3.3 (b)) is to more accurately determine the kinetics feature (i.e. 





.  This should not be compared against a reported pseudo-first-




) (Shang et al. 2002) because incomparable 
experimental conditions can substantially affect resultant data; the major 
differences in experimental setup of this work vs. the earlier study include 
light source and intensity (250–2500 nm of 56–66 mW/cm2  vs. 365 nm of 5.3 
mW/cm
2
), light source-sample distance (27 cm vs. 15 cm), types of specimens 
(TiO2-contatining silicate coating on mortar specimens vs. TiO2 powder), and 
the initial SO2 concentrations (14 ppm vs. 4000 ppm).   
The initial reactions that would occur with the activation of TiO2 have 
been discussed in Section 2.1. Once the oxidants are generated, they will react 
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with the SO2 and lead to its oxidation.  The possible reactions listed in Table 
3.3 illustrate the typical oxidation of SO2 by OH
 
and H2O2 generated from 
activated TiO2, where SO2-OH

 reaction (R1, Table 3.3) is faster than the SO2-
H2O2 reaction (R3, Table 3.3) by a factor of more than 24.  
Table 3.3 Possible reactions during photocatalytic degradation of SO2  
Reaction Characteristics Reference 
R1 SO2 + 
•OH → HOSO2
•















•OH → H2SO4 NA
a
  


















at 300 K  
Jiang et al. 
(2009) 
a
Not available; hν: photon; kaq: reaction rate constant in aqueous media; 
kg: reaction rate constant in gaseous phase 
In general, OH
●
 is a much more forceful oxidant than H2O2, and most 
responsible for oxidizing ambient SO2 with ample water molecules in the 
troposphere.  Nevertheless, whether it dominates over the hole as the major 
oxidant of SO2 degradation in our reaction system is inconclusive especially 
when data for direct hole-SO2 reaction are unavailable in literature.  Although 
the reaction system in this study has a low RH (in average 2% at 30±2°C) 





, if generated, is sufficient to oxidize the 14-ppm SO2 during 
the batch process.  The important role of OH

 in our reaction system can be 
supported by others studying photocatalytic decomposition of toluene; when 
water content is below the detection level indicating little or absence of OH

, 
one of the photooxidation end products, CO2, was non-detectable (Luo et al. 
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1996), demonstrating incomplete mineralization.  This supports the study of 
Ibusuki and Takeuchi (1986) who reported that the amount of CO2 increased 
with increasing water content (and thus higher OH
 
concentration) during 
photocatalytic oxidation of toluene.  Hence, the sufficient OH
 
in our system 
can bear a prominent role of oxidizing SO2.   
On the other hand, the incomplete photocatalytic oxidation of toluene 
observed by Luo and Ollis (1996) implies ineffective oxidation incurred by the 
hole which is the main oxidant responsible for resultant reactions when OH

 is 
absent due to non-detectable water content.  Limited oxidation induced by the 
hole is not surprising because it occurs only if reactants undergo direct contact 
with holes on catalyst surface where the hole-electron recombination (R2, 
Table 3.3) can reduce amounts of the available hole.  In addition, depending 
on reactant types, the hole unnecessarily triggers oxidation, unlike OH

 that 
can diffuse away from the catalyst surface to perform non-selective oxidation.  
Hence, although the hole has the highest oxidation potential of 3.21 V 
compared to OH

 (2.8 V) and H2O2 (1.78 V) (Munter 2001; Vinu et al. 2012), 
it may not be the most dominant oxidant.  
It is expected that the water content in the atmosphere would determine 
the ultimate photocatalytic degradation efficiency of the TiO2-containing 
silicate coating.  While an increase in water content induced more OH
 
(Luo et 
al. 1996), photocatalytic oxidation of volatile organics (m-xylene and toluene) 
were compromised at water content higher than 1500 and 6100 mg/m
3
, 
respectively because some of the active sites of TiO2 could be masked by 
water molecules (Munter 2001).  Hence, to infer the performance of the 
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silicate coatings in natural environment, further investigation is needed to 
determine the optimal water content for maximum SO2 removal.  
Nevertheless, results in this study show promising potential of the silicate 
coating containing 15% TiO2 to remove airborne SO2, a supporting evidence 
to design future studies evaluating long term performance of the photocatalytic 
building coating material.  
NO2 
Larger content of TiO2 in the silicate coating was accompanied with 
higher removal efficiencies of NO2, similar to observations for SO2. While the 
three non-photocatalysis processes removed the majority (>70%) of NO2, the 
presence of photocatalysts provides the possibility of removing all airborne 
NO2 (Table 3.2).  Taken together, understanding the dominance among various 
processes enables one to optimize cost-effectiveness for targeted reduction of 
airborne pollutants.  For example, if a system after reducing 80% of NO2 
appears to contain a concentration of NOx above the required level, 
incorporating photocatalysts in the coating would be a desirable solution to 
further decrease the concentration of NOx.  The loading effects of TiO2 shown 
in Table 3.2 (especially for NO2 removal) also suggest that a lower bound of 
TiO2 loading should be taken into account to harvest cost-effective 
applications. 
Figure 3.4(a) shows the temporal trend of removal of NO2 with more 
insights.  More than 50% of NO2 was removed in 40 min, much faster than 
SO2 which took more than 100 min to remove 40% of the initial concentration 
(Figure 3.2 and Figure 3.4(a)).  In fact, for all the processes (or all tested 
specimen surfaces), NO2 was always removed more rapidly and in a larger 
  
90 
amount than SO2 (Figure 3.2 and Figure 3.4(a)).  Although the rapid removal 
of NOx through photocatalytic processes is expected, parts of the disappeared 
NO2 can be converted to NO, which can be later oxidized returning back to 
NO2.  Hence, the removal efficiency of NO2 should also account for the 
concurrent concentration of NO.  Figure 3.4(b) shows the temporal trend of 
NO as a fraction of initial NO2 concentration.  Without the presence of TiO2, 
the amount of NO increased with time, demonstrating strong influence of 
converting NO2 to NO through photolysis that more than 20% of removed 
NO2 actually remained in the system as NO (lines with diamond and square 
symbols, Figure 3.4(b).  Only the presence of photocatalysts decreased the NO 
formed from photolysis of NO2.  Over the specimens coated with silicate 
coating containing 5% TiO2, the NO concentration increased during the initial 
25 min, but sorption and photocatalytic degradation together dominated over 
the effects of the null cycle reactions, and removed around 50% of NO2 by 40 
min (Figure 3.4).  The dominance of sorption and photocatalytic degradation 
is more prominently demonstrated by the silicate coating containing 15% 
TiO2.  It actively suppressed the increasing trend in NO within 10 min of solar 
irradiation.  By 40 min, more than 90% of NO2 was removed with 
insignificant amount of NO remaining in the system (Figure 3.4). Figure 3.4(c) 
directly demonstrates the removal of NOx by the different types of coating.  It 
is obvious that the 15%-TiO2 containing specimen show the best performance.  
This also demonstrates that the null-cycle reactions imposed relatively inferior 









Figure 3.4 Removal of (a) NO2 through sorption onto epoxy or silicate 
coating, and over silicate coating containing 5% and 15% TiO2, (b) Temporal 
concentration trend in NO which is normalized by initial concentration of NO2 
and (c) NOx by epoxy or silicate coating, and over silicate coating containing 
5% and 15% TiO2.  Each data point represents an average of 6 values (3 cycles 
of experiments for individual two specimens except for 15% TiO2 which is for 
7 values) 
CO 
Carbon monoxide (CO) is one of the most stubborn gaseous pollutants.  
Hence, it is expected that silicate coating containing 15% TiO2 imposed 
negligible removal of CO after 320 minutes of solar light irradiation.  This is 
mainly because of negligible photolysis and sorption.  The little removal of 
CO is consistent with the observations of others (Vorontsov et al. 1997; 
Hwang et al. 2003).  In fact, decreasing CO in urban environment is best 
achieved by minimizing its release from tailpipes, which can be successfully 
achieved through the progress of mobile industries (e.g., 3-way catalytic 
































After 320 minute irradiation, the silicate coating with 15% TiO2 showed 
photocatalytic reduction of the CO below detection limit (Figure 3.5). This 
could be attributed to poor sorption (contact) of CO leading to little 
degradation. This is consistent with a study by Hwang et al. (2003) who 
employed TiO2 film of Degussa by dip coating 5% by weight of TiO2 
dispersed in water on glass plate (1 µm thick film with TiO2 amount of 0.60 ± 
0.13 mg on 2.25 cm
2
 glass plate) and reported poor photocatalytic oxidation of 
CO (~5% of 30 ppm and ~10% of 500 ppm). Consistently, less than 3% of CO 
in the reactor was removed when Vorontsov et al. (1997) studied the 
photocatalytic oxidation of CO in a flow-circulating reactor by synthesized 
Anatase type TiO2. Other researchers (Einaga et al. 2003) used TiO2 coated 




) from O2 to more actively oxidize CO. Nevertheless, these precious 
metals are costly and less applicable to large building surface.  
 
 
Figure 3.5 Photocatalytic degradation of CO by specimens coated with (a) 



























Overall, laboratory accelerated studies suggest that TiO2 incorporated in 
silicate coating can effectively remove acidic gaseous pollutants like NO2 and 
SO2.  Depending on the targeted pollutants to be mitigated, TiO2 loading plays 
an important role of determining the cost-effectiveness of application.  Field 
studies are needed to investigate the long term performance and durability of 
the photocatalytic coating materials when they are challenged with airborne 
pollutants comprising both gaseous and particulate pollutants with 
complicated composition. 
3.3. Conclusions on Removal of Gaseous Pollutants 
 No photocatalytic degradation of CO was observed by the specimens 
coated with silicate containing 15% TiO2, which is consistent with other 
studies. The SO2 and NO2 due to the various processes and overall removal are 
summarized below: 
 Photocatalytic-degradation of SO2 was investigated using the specimens 
coated with silicate containing 0%, 5%, and 15% TiO2. Photolysis and physi-
chemi-sorption removed about 10% and 30% of SO2 in this study, 
respectively. Photocatalytic oxidation alone removes up to around 40% of SO2 
concentration.  
 The silicate coating containing 5% or 15% TiO2 showed reproducible 
degradation trend among 10 repeated reaction cycles. The silicate coating 
containing 15% TiO2 was twice as efficient in degrading SO2 as that 
containing 5% TiO2. Over the specimen coated with silicate containing 15% 
TiO2, a total of 71–86% of SO2 was removed by photolysis, physic-chemi 
sorption and photocatalytic degradation.  
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 Silicate coating containing 5% TiO2 was able to remove ~74% of the 
NO2 while 15% TiO2 containing were able to degrade ~90% NO2 in 40 min 





Chapter 4. Photocatalytic degradation of particulate 
pollutants 
One of the most important functions in incorporating TiO2 in building 
materials is to maintain the colour of the building surface. Since particulate 
pollutants deposited on the building surface leads to its soiling, this chapter 
evaluates the ability of silicate coating material containing various dosages of 
TiO2 to degrade particulate pollutants and to self-clean the surface.  
Comparison of the degradation ability of silicate coated specimens vs. those of 
mortar specimens containing TiO2 is also conducted. Rhodamine B (RhB) is 
used as a surrogate representing one compound class in airborne particulates. 
The long-term degradation efficiency of these materials is evaluated under 
laboratory conditions.  The experiments in this study were designed to 
examine photocatalytic removal efficiencies of particulates when there is 
sufficient contact between the pollutants and coating materials.  Field studies 
will be needed in the future to evaluate how actual contact and other 
weathering impacts could affect the resultant removal of airborne particulates 
in humid and warm ambient environment. 
4.1. Experimental Details  
Materials and Specimens 
For laboratory tests, silicate coatings and Portland cement mortars with 
and without TiO2 were used to evaluate the effect of TiO2 on photocatalytic 
degradation of particulate pollutants. A commercially available TiO2 was used 
in this study. Characteristics of the TiO2 are same as those summarized in 
Table 3.1.   
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Preparation of mortar specimens 
Normal Portland cement and natural sand with a fineness modulus of 
2.97 were used for mortar specimens with a water/cement ratio (w/c) of 0.5 
and a sand/cement ratio (s/c) of 2.5 by mass. Two mortar mixtures containing 
2% and 4% TiO2 by mass of cement and one control mixture without TiO2 
were prepared. The dosage of TiO2 was selected based on a previous study 
that studied the photocatalytic degradation of Rhodamine B (RhB) for TiO2 
mixed in mortar (Zhang et al. 2010).  
The TiO2 was mixed with water using a 30 Watts ultrasonic mixer for 10 
minutes to obtain a homogeneous TiO2 suspension. The suspension was then 
mixed with other materials in a Hobart mixer at a slow speed for 1 minute and 
at a high speed for 30 seconds. Specimens with a diameter of 87 mm and a 
thickness of 12 mm were cast and moist cured at 28–30°C for 7 days. The top 
casting surface of the mortar specimens was ground to obtain a smooth 
surface. The specimens were allowed to dry in laboratory air for 21 days 
before coated with epoxy on the side and bottom surfaces to obtain a fixed 
testing surface area (59 cm
2
) on the top. 
Preparation of silicate coated specimens 
Commercially available silicate coating material
17
 commonly used for 
building surfaces was used in this study.  The properties are same as those 
indicated in Section 3.1. The silicate coating was selected for the following 
reasons:  
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(i) Potassium silicate can penetrate into the concrete/mortar substrate and 
cure under room temperature by an irreversible bonding process, 
forming a hard and smooth layer of the coating, which will not peel or 
blister from the substrate generally. Similar chemical components are 
also present in concrete/mortar as main binding components, e.g. 
calcium silicate hydrates. 
(ii) Silicate is an inorganic coating material, it will not be degraded due to 
TiO2 photocatalysis. 
(iii) The adhesiveness of TiO2 in silicate-based coating is more efficient 
compared to acrylic vinyl paint, a commonly used organic paint (Allen 
et al. 2009).   
Various dosages of the TiO2 (5%, 10%, 15%, and 20% by mass of solid 
silicate) was mixed with the silicate coating material for 10 min using the 
ultrasonic mixer.  This dosage of 5%, 10%, 15% and 20% by mass of solid 
silicate is equivalent to 0.2%, 0.4%, 0.7% and 0.9% by volume of the liquid 
silicate coating. Either these mixtures or a control coating without TiO2 were 
applied to the ground surface of the control mortar specimens described above 
in three coats. Before a new coat was applied, the specimens were allowed to 
dry. 
To evaluate the distribution of the titanium element in the mortar and 
silicate coated specimens containing TiO2, 1 cm × 1 cm samples with 
thickness of 5 mm were cut from two specimens, one with 2% TiO2 in mortar 
and other with silicate coating containing TiO2.  Micro energy dispersive x-ray 
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analysis was carried out using a Shimadzu’s Energy Dispersive X-ray 
Analyzer. 
Test method of photocatalytic degradation 
Experiments were carried out according to an Italian standard UNI 
11259 (2008), which provides a method to measure degradation of RhB dye on 
mortar specimens due to photocatalytic property of TiO2, with two 
modifications. While the standard recommends prism specimens of 160 × 140 
× 40 mm, the specimens used in the current study were circular discs with a 
diameter of 87 mm and a thickness of 12 mm. The purpose of the change was 
to accommodate the specimens inside our testing equipment. The other 
modification was light source used in the test. The standard recommends UVA 
light (wavelength = 315–400 nm) with an intensity of 3.75 ± 0.25 W/m2, 
whereas the equipment used in our study produced UV light corresponding to 
wavelength from 295 nm to 400 nm with an average intensity of ~0.35 W/m
2
 
and a peak intensity of 0.68 W/m
2
 at 340 nm. This light source complied with 
the Commission International d’Eclairage specifications for solar spectral 
irradiance and is an excellent simulation of sunlight in the short wavelength 
UV region from 295 nm to 365 nm, which is the critical region for 
performance of TiO2. Since the average intensity of the light source in our 
experiments was ten times lower than the intensity prescribed in the UNI 
11259 (2008) standard, the degradation efficiencies reported in this study 
should be considered as lower bounds. 
The RhB is used as a surrogate to simulate particulate pollutants because 
its structure resembles some airborne particulate compounds, such as 
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polycyclic aromatic hydrocarbons (PAHs). PAHs are typical particulate 
pollutants in exhausts of combustion processes. The RhB is water soluble with 
reddish colour, and is stable in alkaline environments such as the mortars and 
silicate coatings, making it a good candidate for such testing. The RhB has 
been extensively used in studies (Vallee et al. 2004; Bolte 2005; Cassar et al. 
2005; Bonafous et al. 2009; Ruot et al. 2009; Zhang et al. 2010) to 
demonstrate the self-cleaning efficiency. The removal efficiencies of 
particulate pollutants in this study were evaluated based on the degradation of 
RhB under UV irradiation. 
Rhodamine B was dissolved in de-ionized water to achieve a 
concentration of 0.05 g/L. Five millilitres of RhB solution was applied on the 
surface of each specimen with a surface loading of 4.2 µg/cm2. The specimens 
were allowed to dry for 16 hours before being exposed to UV irradiation in a 
Weather Tester QUV/se complying with ASTM G154-06 (2006). The distance 
between the UV lamps and specimens was approximately 35 mm. 
Due to the photocatalytic effect of TiO2, colour intensity on the 
specimen surface will decrease with an increased exposure to UV irradiation. 
Colour change was measured by a spectrophotometer
18
 at nine different 
locations (with two measurements at each location) as shown in Figure 4.1. 
The measurement area for each location was approximately 10 mm in 
diameter.  
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Figure 4.1 Measurement locations on the specimen surface for color changes. 
Results are expressed in Commission International d'Eclairage LAB 
system and the L* a* b* diagram is shown in Figure 4.2. Reading L* defines 
lightness, readings a* and b* denote chromaticities (a* for red/green and b* 
for yellow/blue).  Since the dominant color of the RhB dye is red, (+a*) 
reading of the specimens was taken before and after the UV exposure to 
evaluate the photocatalytic degradation of RhB. The measurements were 
carried out at 3, 4, 6, 22, 26, 44, 60, and 100 h after the UV exposure until the 
(+a*) readings dropped below 10% of the initial with some exceptions.  
 
 
Figure 4.2 L* a* b* color spaces (Handbook: The Essentials of 
Imaging, Precise Colour Communication: Colour Control from Perception to 
Instrumentation, 1998). 






L* = Black (Min = 0) 
L* = Diffuse White (Max = 
100) 
+a* = Red 
-a* = Green 
+b* = Yellow 
-b* = Blue 
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During the application of RhB on the specimens, variations were 
observed in the intensity of the red colour at different locations of the 
specimens. Therefore, relative colour change ΔC at each location was used to 
evaluate the photocatalytic degradation as follows: 
                           𝐶   
[(   )   (  
 )  ]
[(   )  (   )  ]
                                                  (1)                                             
where  
  𝐶 - Percentage of colour change at nth hour 
(+a*)0 - intensity of the original specimen without RhB spray,  
(+a*)d - intensity after RhB spray but before the UV irradiation, and 
(+a*)dn - intensity of the specimen sprayed with RhB at the n
th
 hour of 
irradiation. 
For the mortar and silicate coated specimens, the (+a*) readings of the 
silicate coated specimen were substantially higher than those of the mortar 
specimen with the same RhB loading (Table 4.1). This might be attributed to 
the fact that the silicate coatings could penetrate into the pores of mortar base, 
thus the silicate coated specimens had lower surface porosity than the mortar 
specimens. This suggests that most of the RhB might have remained on the 
surface of the silicate coated specimens but penetrated into the mortar 
specimens.   In order to verify the influence of the initial RhB loading, tests 
were carried out with RhB loadings of 4.2 μg/cm2 and 33.6 μg/cm2 on the 
mortar specimens with 2% TiO2. Results indicate that the photocatalytic 
degradation efficiency of the specimens can be compared so long as the results 




Table 4.1 Effect of RhB loading on (+a*) readings 




Silicate coated specimens 
with 15% TiO2 by mass 
of solid silicate 
Mortar specimens with 
2% TiO2 by mass of 
cement 
4.2 24.5 12.4 
33.6 46.2 22.7 
 
It has been observed that even in the absence of photocatalyst, dyes can 
undergo degradation with light irradiation.  For example, Ruot et al. (2009) 
reported that specimens without photocatalyst experienced 30%-40% colour 
degradation after 30h of UV irradiation.  The results are consistent with those 
from Bolte et al. (2005), who observed a 24% colour degradation of mortar 
specimens without TiO2 during a test of 24 h. Therefore, to understand the 
photocatalytic capability of TiO2 in the silicate coated specimens and mortar 
specimens, the degradation efficiencies of specimens were further normalized 
with respect to those of the control ones without TiO2. The results are 
expressed as  𝐶             𝐶       . The higher value of  𝐶  𝐶        
indicates that the colour degradation of the TiO2-containing specimen is not 
significantly different from that of the control specimen, and thus less 
photocatalytic efficient, whereas lower value of  𝐶  𝐶       indicates more 
photocatalytic efficient. Average results based on three specimens were 
reported except for the short term test results of silicate coated specimens 
(presented in Section 4.2.1 where only two specimens were used).   
To evaluate the long-term photocatalytic efficiency or durability of 
photocatalysis, the silicate coated specimens with 15% TiO2 and the mortar 
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specimens with 2% TiO2 were tested for five cycles according to the scheme 
shown in Figure 4.3. Test duration in each cycle was 100 h, and test method 
was the same as described above. After each test cycle, the specimens were 
exposed to intermittent UV irradiation (18 h UV and 6 h rest) until the next 
test cycle.  After that the RhB was applied to the specimens for the next cycle 
of test. The total duration of UV exposure for the specimen was 2500 h, 
similar to at least 2.4 years based on Singapore weather, a tropical warm and 
humid condition. 
 
Figure 4.3 Scheme on photocatalytic durability test of the mortar and silicate 
coated specimens with TiO2. 
4.2. Results and Discussion 
4.2.1. Effects of TiO2 dosage in silicate coatings on photocatalytic 
degradation of particulate pollutants 
The photocatalytic degradation efficiency of the silicate coated 
specimens with various TiO2 dosages is shown in Figure 4.4. The 
incorporation of the TiO2 in the silicate coatings increased the rate of colour 
recovery substantially compared with that of the control coating without TiO2, 
indicating effective photocatalytic degradation of RhB. The degradation 
efficiency was increased with the increase in TiO2 dosage up to about 15%. 
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However, little increase in degradation was observed with higher dosage of 
20% TiO2.  
 
Figure 4.4 Effect of TiO2 dosage on photocatalytic degradation of the silicate 
coated specimens (RhB = 4.2μg/cm2). 
4.2.2. Photocatalytic degradation efficiency of the mortar specimens with 
2% and 4% TiO2 and comparison with the silicate coated 
specimens with 15% TiO2  
Figure 4.5 illustrates the photocatalytic degradation efficiency of the 
silicate coated specimens and mortar specimen with TiO2. It was observed 
from the experiments that the mortar containing 2% and 4% of TiO2 by weight 
of cement were able to recover ~80% of their initial colour at the end of 26 h. 
Increasing the TiO2 dosage from 2% to 4% in the mortar did not further 
increase the photocatalytic degradation efficiency. Taking into account the 
varying experimental conditions summarized in Appendix C, it is seen that the 
short-term degradation efficiency of the mortar specimens with TiO2 used in 
this study is comparable to those reported in the literature. Ruot et al. (2009) 
demonstrated that at the end of the test duration of 30 h, the mortars with 5% 
TiO2 by weight of dry mix i.e. 15% by weight of cement were able to recover 
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60–70% of their initial colouration of the RhB. Similarly, Bolte et al. (2005) 
reported up to 90% reduction in colouration within 24 h for mortar with 10% 
TiO2 by weight of white cement. 
The main finding of this study is that the silicate coated specimens with 
15% TiO2 by mass of solid silicate have similar degradation performance as 
the mortar specimens with 2% and 4% TiO2 by mass of cement. It is important 
to note that the 12 mm thick mortar specimen with 2% TiO2 by mass of 
cement required 20 times more TiO2 than the silicate coated specimens of 
equivalent size coated with three layers of the silicate with 15% TiO2. Hence, 
the latter yields substantial economic advantage, and therefore a better option 
where abrasion is not a concern. While there are several possible reasons for 
the better performance of the silicate coated specimens, the amount of exposed 
TiO2 on the surface of the specimens is likely to be the dominant reason. 
 
Figure 4.5 Comparison of degradation performance of the silicate coated 




Effect of exposed TiO2 amount on the surface of the specimens 
Titanium element maps for the surfaces of a silicate coated specimen 
with 15% TiO2 and a mortar specimen with 2% TiO2 are shown in Figure 
4.6(a) and (b), respectively. The titanium concentration on the surface of the 
silicate coated specimen is much higher than that of the mortar specimen 
based on the colour scale. Even though the titanium concentration was much 
higher on the silicate coated specimen, some TiO2 may be covered by the 
silicate coating, resulting in similar performance as the mortar specimen in the 
first cycle. 
 
Figure 4.6 Titanium elemental maps for the surfaces of a silicate coated 
specimen with 15% TiO2 (a) and a mortar specimen with 2% TiO2 (b). 
Figure 4.7 shows titanium element map of a cross-section of a silicate 
coated specimen. It indicates that the silicate coating penetrated into open 
pores of the specimen, and the thickness of the coating was approximately 0.4-
0.6 mm on the surface. This differs from the mortar specimens in which TiO2 





Figure 4.7 Titanium elemental maps of a cross-section of a silicate coated 
specimen with 15% TiO2. 
 
 
Effect of TiO2 in open pores near specimen surface 
Although TiO2 in open pores near the surface of mortar specimens may 
be exposed to UV light, limited UV exposure of the TiO2 trapped in these 
pores may render these particles less active. In addition, particulate pollutants 
or reaction intermediates may deposit in these pores, which further reduce the 
photocatalytic reactivity of TiO2. However, in the silicate coated specimens, 
the pores near surface are filled to a large extent with more smooth surface 
than that of the mortar specimens, and thus with fewer such obstacles. 
Effect of substrate elements on photocatalytic activity  
Photocatalytic activity of TiO2 strongly dependent on the substrate. It 
has been well established that this activity can be greatly weakened due to the 
existence of calcium (Tang et al. 2010) and sulphur (Xu et al. 2009) in the 
substrate, which may accumulate on the surface and then penetrate into the 
lattice of TiO2, chemically bonding with TiO2. This may compromise the 
activity of TiO2, weakening the resultant photocatalytic degradation. Thus, if 
  
109 
the amount of exposed TiO2 on the specimen surfaces is similar, the silicate 
coated specimens are expected to have better photocatalytic performance than 
the mortar specimens since the latter contain abundant calcium and some 
sodium as well as sulphur. 
Effect of mortar carbonation  
Carbonation of cement pastes was reported to lead to a pronounced loss 
of photocatalytic activity over several months (Lackhoff et al. 2003) due to the 
formation of calcite which can block the surface of the catalyst. The 
carbonation is also accompanied by a decrease in specific surface area and 
hence decreases the number of active sites available for photocatalysis. This 
may reduce the efficiency of TiO2 in degrading particulate pollutants over the 
mortar specimens observed in Figure 4.5. 
Among these reasons and mechanisms mentioned above, the amount of 
exposed TiO2 on the surface of the specimens is likely the dominant one. 
4.2.3. Longer term photocatalytic efficiency of the specimens with TiO2 
The longer term photocatalytic efficiency of the specimens coated with 
silicate containing 15% TiO2 and the mortar specimens with 2% TiO2 was 
evaluated. For the mortar specimen containing 2% TiO2, two different 
dosages (4.2 μg/cm2 and 33.6 μg/cm2) of RhB were used. The colour 
changes ΔC of the specimens up to 26 hrs of UV irradiation normalized by 
those of the corresponding control specimens in the 5 testing cycles are 






  (b) 
 
Figure 4.8 Colour changes of the mortar specimens with 2% TiO2 normalized 
by those of the corresponding control specimens for 5 cycles of RhB 
















































































Figure 4.9 Colour changes of the specimens coated with 15% TiO2 containing 
silicate normalized by those of the corresponding control specimens for 5 
cycles of RhB degradation, surface loading of RhB = 4.2 μg/cm2 
The colour degradation of RhB by the mortar specimens with TiO2 
with RhB loading of 33.6μg/cm2 was only slightly lower compared to that 
of specimens with RhB loading of 4.2 μg/cm2.  This indicates that the 
degradation efficiency at higher loadings is almost similar to the 
degradation efficiency at lower loadings and therefore the performance will 
not be affected in more aggressive environments where higher pollution 
would be expected.   
The colour degradation for both surface loadings of RhB generally 
decreased with increase in the testing cycles, except for the 2
nd
 cycle for the 
RhB loading of 33.6 μg/cm2. This indicates that with increased UV irradiation 
length the TiO2 efficiency in degrading particulate pollutants was reduced. 
This is consistent with those reported by Wu et al. (2004) and Asilturk et al. 
(2006), and may be due to deactivation of the TiO2 catalysts caused by the 









































sites on the surface of the TiO2 photocatalysts (Cao et al., 2000). Deterioration 
of crystal structure was also reported as a possible reason for the decrease of 
photocatalytic efficiency of TiO2 (Linsebigler et al., 1995). However, the X-
ray diffraction (XRD) patterns before and after 200 hours of UV exposure 
(Figure 4.10) were nearly identical for the TiO2 photocatalyst used in this 
study, which demonstrates high stability of TiO2 crystal structure. This 
suggests that within the investigated duration, no deterioration of the crystal 
structure occurred.  Therefore, it may not be the cause of the decreased 
photocatalytic performance of TiO2.  However, further investigation is needed 
to verify if longer exposure to irradiation or other associated factors could 
result in the deterioration of the crystal structure.  
 
Figure 4.10 XRD patterns of the P25 TiO2 catalysts before and after 100 
hours and 200 hours of UV exposure. 
Performance of the mortar and silicate coated specimens containing 
TiO2 were similar in the first cycle.  The colour recovery rates increased with 
longer UV exposure in the first 3 test cycles for the silicate coated specimens 
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with TiO2.  This improvement in the colour degradation continued till the third 
cycle after which it did not change significantly. This may be attributed to 
degradation of organic additives in the silicate coating which may reduce the 
degradation on particulate pollutants during the earlier cycles. With the 
degradation of these organic additives by TiO2, the photocatalytic activity of 
the TiO2 may be gradually increased, resulting in better performance of the 
coating with longer UV irradiation. After the 3
rd
 test cycle, colour recovery 
rates did not change significantly. Even after 2500 hrs of the UV irradiation, 
the silicate coated specimens showed satisfactory degradation efficiency of 
95% when normalized from the control at 26 hours. 
 
4.3. Conclusions on Removal of Particulate Pollutants 
Based on the results and discussion, following conclusions can be 
drawn. 
The silicate coating with 15% TiO2 by the solid weight of the silicate or 
0.7% by volume of the liquid silicate coating was most effective in 
photocatalytic degradation of RhB – a surrogate representing one compound 
class in airborne particulates - compared with the silicate coatings with 5%, 
10%, and 20% of TiO2.  
The silicate coated specimens with 15% TiO2 (3 layers of coating) had 
better photocatalytic performance than the mortar specimens (12 mm thick) 
with 2% TiO2 by mass of cement although the former required 20 times less 
TiO2 compared to the latter in terms of the total TiO2 employed. The silicate 
coating with 15% TiO2 may be a better option in terms of cost and 
effectiveness.    
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The specimens coated with silicate containing 15% TiO2 showed 
satisfactory degradation efficiency in laboratory accelerated tests up to 2500 h 
of simulated UV irradiation, indicating its durable performance.
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Chapter 5. Photocatalytic degradation of black carbon  
Following the previous chapters demonstrating that incorporating TiO2 
in building materials can contribute to pollutant degradation and self-cleaning, 
this chapter aims to understand the degradation of black carbon by such 
photocatalytic building coatings.  Deposition of black carbon compromises the 
aesthetic appearance, and increases the energy absorption by the building 
surfaces.  Hence, removal of black carbon from building surface would lower 
maintenance costs and reduce energy penetration into buildings.  Degradation 
of the black carbon is evaluated based on the change in surface color and solar 
reflectance in the UV-Vis-NIR wavelength ranges.  
5.1.  Materials and Methods 
5.1.1. Materials and specimens  
Normal Portland cement and natural sand with a fineness modulus of 
2.96 were used for mortar specimens with a water/cement ratio (w/c) of 0.5 
and a sand/cement ratio (s/c) of 2.5 by mass. Prism specimens of dimensions 
160 × 40 × 40-mm were cast and moist cured at 28–30°C for 7 days followed 
by exposure to laboratory air for 21 days. The dimension of specimens 
prepared for individual analyses were specified Table 5.1.  All specimen 
surfaces were coated with control silicate coating to prevent the pollutants 
loaded on the top surface of the specimen from undesirable contact with other 
sides of mortar.   
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Table 5.1 Measurement methods and specimens used. 
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40 mm 
72 (2 reading at 
each point, 12 
points per 
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40 mm 
9 (3 readings 
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40 mm × 
40 mm 
3 (3 readings 
per specimen × 
1 specimen per 
type) 
 
Silicate coatings with and without titanium dioxide (TiO2) were 
employed to evaluate the efficiencies of TiO2 photocatalytic degradation of 
black carbon.  The silicate coating and the TiO2 are same as the ones described 
in Chapter 3.  The TiO2 was mixed in the silicate in two dosages of 30% or 
40% (by mass) of solid silicate through ultrasonication for 10 min.  The 30% 
and 40% TiO2 dosage are equivalent to 1.6% and 2.5% by volume of the 
liquid silicate coating, respectively.  All the coatings, including control 
(silicate without TiO2) and individual mixtures, were applied on the surface of 
the prepared mortar specimens in three coats.  Every placed coating was dried 
before a new coat was applied.  The higher dosages of TiO2 were chosen 
because preliminary tests indicated that carbon black could not be degraded 
even after 400 hours of irradiation by 15% TiO2, hence, it was decided to 
adopt a higher TiO2 dosage to facilitate faster degradation of the carbon black.  
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Purchased standard carbon black
19
 generated from incomplete 
combustion of heavy aromatic feedstock in a furnace is used to simulate 
atmospheric black carbon (BC, or soot) depositing on building surface. This is 
similar to BC in the atmosphere upon generation, however, in the real 
atmosphere, other chemicals may deposit on the BC altering its chemical 
nature. The carbon black had a specific gravity of ~1.8 and was insoluble in 
water.  More than 95% (± 3%) of the BC employed in this study is attributed 
to elemental carbon (EC) with organic carbon (OC) and ionic species together 
contributing among the remaining.  Among the ionic species, sulphate is most 
abundant (3.97 ± 0.84 mg/g of BC) followed by chloride (3.31 ± 0.57 mg) and 
nitrate at (1.78 ± 0.41 mg).  Sodium was the most abundant cations (3.82 ± 
0.11 mg/g of black carbon) followed by, calcium (2.54 ± 0.07 mg/g of black 
carbon) and trace amounts of potassium as well as magnesium.  
A homogeneous BC colloidal solution of 0.5 g/L was obtained through 
ultrasonic agitation for 10 min. The size distribution and zeta potentials of the 
colloidal solution were measured using a particle size and zeta potential 
analyzer
20
 with an effective diameter of 203.7 ± 2.8 nm (n = 9) and 
polydispersity index of 0.1 ± 0.1 (0.005-0.140, n = 9).  The small 
polydispersity index demonstrates that the BC colloids are close to mono-
distribution.  The zeta potential of -48.3 ± -2.9 mV, lower than -30 mV, 
indicates a stable colloidal condition, that actually remains under room 
temperature (24
o
C) for more than a week.   
                                                 
19
 Monarch 120, Cabot Enterprises, USA 
20
 ZetaPALS 90 Plus, Brookhaven, USA 
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To examine how the BC challenges the capability of TiO2-containing 
silicate coating on mortar specimen surface, two BC loadings of 8 μg/cm2 and 
24 μg/cm2 were selected.  Based on an upper bound concentration (2.7 µg/m3) 
of elemental carbon (EC) in PM2.5 in Singapore (n = 138) and a settling 
velocity of 3.78 x 10
-4
 m/s for airborne particles with an aerodynamic 
equivalent diameter of 2.5 μm, the loadings of 8 μg/cm2 and 24 μg/cm2 
correspond to ~30 months and ~89 months of deposition of EC on a rooftop 
surface.  The lower bound of BC loading (8 μg/cm2) was selected because a 
minimum loading of BC is required to incur measureable darkening effects on 
the grey-color mortar surface and evaluation of the degradation by the TiO2-
containing silicate coatings.  The upper bound of loading (24 μg/cm2) was 
selected since it was similar to the loading studied by Smits et al. (2013), 
whose study focused on the degradation in terms of the color change and CO2 
evolved during BC degradation. 
Surface color and reflectance measurements were used to understand the 
effect of BC application and subsequent degradation by TiO2. The changes in 
surface color is expressed in Commission International d'Eclairage LAB 
system and the L* a* b* diagram with the L* value of 0 and 100 representing 
black color and diffuse white, respectively.  Hence, a decrease in the L* 
reading occurs with BC application.   
A whiter surface would incur more reflectance of solar irradiation. This 
was measured using two instruments, a solar spectrum reflectometer
21
 (SSR) 
which directly provides the solar reflectance of a specimen and a double-beam 
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 (SPM) to show the overall reflectance and 
individual UV (300–400 nm), visible (vis, 400–780 nm) and near infrared 
ranges (NIR, 780–2500 nm). Measurements of SSR were conducted following 
the procedure in ASTM C1549-09 (2009) with resultant values ranging from 0 
to 1 with 0 indicating no reflectance of incident light (or full absorption), and 
1 indicating reflectance of all incident light (or no absorption).  Similar to the 
ASTM E903-12 (2012a) standard, the resultant reflectance for the individual 
UV, visible and NIR regions represents the ratio of spectral reflectance 
integrated over the corresponding wavelength range relative to the aggregated 
spectral reflectance over the entire spectrum spanning from 300 nm to 2500 
nm.  
5.1.2. Photocatalytic degradation of black carbon 
The loaded BC on mortar specimen surface was dried overnight before 
being placed in a weathering tester Q SUN Xe-3 HDS (Q lab corporation, 
USA), undergoing a standard testing procedure, ASTM D7356-07 (2007) 
designed for accelerated acid etch weathering of automotive clear coats.  In 
brief, the specimens were exposed to light irradiation with wavelength ranging 
from 295 to 3000 nm.  The irradiation intensity corresponding to 340 nm is 
0.55 W/m
2
/nm similar to the strength (0.68 W/m
2
) during summer noon-time 
at sea level (ASTM G173-03 (2012b)).  The 200-hour solar irradiation 
imposed onto specimen surface a total energy of around 848 MJ/m
2
 for the 
entire wavelength range (295 to 3000 nm).  Singapore receives an annual 
mean radiant exposure of ~5980 MJ/m
2
 (https://eosweb.larc.nasa.gov/cgi-
bin/sse/sse.cgi?skip@larc.nasa.gov+s01+s07#s01).  So, 200 hours of exposure 
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in the xenon machine is equivalent to 51days of outdoor exposure. The testing 
chamber provides a controlled environment with air temperature at 50°C and 
relative humidity of 80%. The black panel temperature (i.e. the maximum 
temperature that a metal plate covered with a black coating will experience) 
was set at 65°C as the upper limit for the temperature.   
Degradation efficiencies of BC and corresponding reduction in energy 
burden imposed on building materials were evaluated by measuring three 
properties of specimen surface: color, total solar reflectance, and spectral 
reflectance.  Temporal trend of the effects of BC removal on specimen surface 
was obtained by taking the measurements at 0, 4, 20, 26, 40, 60, 80, 100, 120, 
140, 160, 180 and 200 hours after the light exposure in the testing chamber.  
Whitened mortar specimen surface which was originally loaded with dark BC, 
indicates photocatalytic removal of BC by TiO2-containing silicate coating. 
Concurrent with lightened surface color (i.e. increase in the L* readings), the 
corresponding solar reflectance of specimen surface is expected to increase, 
decreasing energy absorption of building materials.  Statistical student t-test at 
a confidence interval of 95% was employed to assess the changes in the L* 
readings and solar reflectance before and after loading of BC.  To compare the 
efficiency of degradation of 30% and 40% TiO2 in the silicate coating, the L* 
(or surface color) can be: 
𝑆   𝑎          (  )  
(                 –  
                   )
(                   
                    )
*100       Eq (5.1), 
where the larger the reading, the whiter the surface color.   
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Since the solar and UV-Vis-NIR reflectances were measured with 
different instrument, a calibration was done to understand the instrument 
effect.  More than 100 measurements of SSR show a satisfactory linear 
correlation (R = 0.977) with the summation of corresponding SPM 
measurements of individual three ranges (Figure 5.1). The satisfactory linear 
correlation supports the consistent measurements yielded between the two 
instruments with an averaged difference of 2.6%, demonstrating that the 
measured total reflectance resemble the additive measurements in the 
individual UV, vis and NIR regions.  Hence, the following discussion of this 
work, the measurements rendered from SSR are employed as the total solar 
reflectance.  It should be noted that although the instruments can yield 
consistent data, variation among specimens with similar mix proportion and 





Figure 5.1 Comparison between total solar reflectance readings measured 
using the solar spectrum reflectometer and those estimated based on the 
spectral reflectance readings from the UV-Vis-NIR spectrophotometer.  
The measurements of solar reflectance enable us to estimate the energy 
absorbed by the studied specimens, yielding only absorption vs. reflectance of 
incident energy without transmission (ASTM C1549-09).  Hence, the total 
reflected incident solar energy by specimen surface is estimated as the product 
of the surface area, fraction of reflected solar irradiation (or albedo), and solar 
flux as shown in equation 2 below.  Concurrently, replacing the fraction of 
albedo with the absorbed fraction yields the energy absorbed by specimen 
surface.  
                 (   )                                     Eq (2) 
y = 1.2163x - 0.0551 

































Qabs = rate at which radiant heat is absorbed per m
2
 of area, W 
A = area normal to incident radiation, m
2
 
qsolar = solar flux, W/m
2
 
r = solar reflectance (fraction), dimensionless 
While the solar reflectance(r) can be obtained from the instrument, the 
solar flux (qsolar) depends on many factors such as cloudiness, wind velocities 
(energy dissipation), building orientation towards solar light throughout the 
day and the year, etc. (Rao 1988).   Hence, this study employs an annual 
average solar insolation (incoming solar radiation) on a horizontal surface of 
~5980 MJ/m
2 
(or daily ~190 W/m
2
 for) for the urban environment in 
Singapore
23
.   
5.2. Results and discussion 
5.2.1. Effect of TiO2 content 
Compared to control specimens coated with silicate alone (0% TiO2), the 
inherent whitish color of TiO2 in terms of 30% and 40% TiO2 of silicate dry 
weight increased the L* readings of specimen surface by ~8% and ~15%, 
respectively (Table 5.2).  This is accompanied with corresponding increase in 
solar reflectance. Since, the TiO2 powder has high L* reading of ~98 and solar 
reflectance of ~0.88, its presence in coating is expected to increase the L* and 
solar reflectance. Without TiO2, the total solar reflectance (0.32) of control 
specimens coated with silicate was mainly contributed by the visible (0.17) 
and NIR (0.16) reflectance with minute reflectance in the UV range (0.01) 





(Table 5.2).  The silicate coating with 30% and 40% TiO2 increased the total 
solar reflectance of specimen surface to 0.34 and 0.37, respectively.  The 
single-factor ANOVA analyses show that the small increment can be mainly 
attributed to the increased reflectance in the visible spectrum, increasing by 
22–25% with no significant changes in the UV and NIR reflectances (Table 
5.2).  This increase in the visible regions can be directly correlated to TiO2 
presence because measurements show that TiO2 has highest reflectance in the 
visible region (0.45) followed by NIR (0.36) and small UV reflectances (0.01).  
On the other hand, regardless of the presence or absence of TiO2, the 
contribution of UV range is always minimal (~0.01) (Table 5.2), which is 
within the measurement errors.  Hence, the discussion below would mainly 
focus on the changes in the vis and NIR ranges.    
Table 5.2 Effect of TiO2 dosage and black carbon loading on the color (L* 
reading), total and spectral reflectance (in the UV, Visible and NIR regions) 








Parameter evaluated Dosage (% by weight) of TiO2  in 
silicate coating 
0% 30% 40% 
0 L* reading 59.3 ± 4.0 64.4 ± 2.2 68.7 ± 1.2 
UV (300-400 nm) 0.01 0.01 0.01 





NIR (780-2500 nm) 0.16 0.16 0.16 
Total solar reflectance 
(300 - 2500 nm) 
0.32 ± 
0.02 











Parameter evaluated Dosage (% by weight) of TiO2  in 
silicate coating 
0% 30% 40% 
8 L* reading 45.1 ± 2.8 52.2 ± 2.5 55.5 ± 3.1 
UV (300-400 nm) 0.00 0.01 0.01 
Visible (400-780 nm) 0.06 0.12 0.15 
NIR (780-2500 nm) 0.07 0.10 0.11 
Total solar reflectance 
(300 - 2500 nm) 
0.16 ± 
0.02 
0.20 ± 0.02 0.22 ± 
0.02 
  
24 L* reading 33.6 ± 2.6 42.0 ± 4.6 45.9 ± 4.2 
UV (300-400 nm) 0.00 0.00 0.01 
Visible (400-780 nm) 0.03 0.05 0.10 
NIR (780-2500 nm) 0.04 0.05 0.08 
Total solar reflectance 
(300 - 2500 nm) 
0.09 ± 
0.01 
0.14 ± 0.02 0.15 ± 
0.03 
a
 Significant difference (p<0.05) compared to 0% TiO2 based on one-way 
ANOVA. 
5.2.2. Effect of black carbon loading 
In contrast to the whitening effects of TiO2, the BC loading of 8 µg/cm
2
 
darkened the surface of control specimens by 24%  (Table 5.2), and decreased 
the total solar reflectance by around 50%, evenly attributed to the halved 
reflectance in visible and NIR ranges, decreasing from 0.18 to 0.06  and from 
0.16 to 0.07, respectively (Table 5.2).  This is expected as BC employed in this 
work exhibits such a low reflectance across the UV, visible and NIR regions 
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that is below MDL of 0.02-0.05, consistent with the studies of Levinson et al. 
(Levinson et al. 2005) who reported negligible reflectance of carbon black 
(Amorphous Carbon Black (PBk 7) 0.4% pigment volume concentration 
(PVC)).   The negligible reflectance indicates that BC on specimen surface 
examined in this study absorbed almost all incident solar irradiation energy 
(~182 W/m
2
) that characterizes BC as an important global warming 
component, and imposes significantly energy burden on building façade 
penetrating into buildings.    
The darkening effect of the loaded BC on specimen surface is offset by 
the presence of TiO2 when the silicate coating contains the whitish 
photocatalyst.  The BC loading of 8 µg/cm
2
 darkened the specimen surface 
coated with TiO2-containing silicate by ~19%, a smaller change compared to 
the control specimens (~24%) (Table 5.2).  Similarly, the changes induced in 
the solar reflectance are slightly higher for the control specimens (~50%) 
compared to compared to the 30% and 40% TiO2 containing silicate (~44% 
and ~35% respectively) (Table 5.2).  This could mean that reflectances are 
more affected by BC presence than surface color.  Further studies are needed 
to evaluate how BC loadings affect the reflectances and surface color. Tripling 
the BC loading to 24 µg/cm
2
 further darkened decreased the surface of control 
specimens.  The L* was reduced to around 34 which is lower than that of the 
BC loading of 8 µg/cm
2
 by 25% (Table 5.2).  It was accompanied by an 
almost halved solar reflectance (Table 5.2).  Similar to the earlier observation, 
TiO2 in the silicate offset the darkening effect of the loaded BC, increasing the 
L* reading from around 34 for the control specimens up to more than 40 





darkened the surface color, lowering the L* reading of the specimen surface 
loaded with 8 µg/cm
2
 by additional 20% (Table 5.2).  Consistent with the 
control specimens, tripling the BC loading reduce the solar reflectance by 0.07 
(Table 5.2) regardless of the amount of TiO2 in the silicate coating, 
demonstrating that the darkening effect of larger amounts of BC dominated 
over the TiO2 content in the silicate. It is worth noting that regardless of the 
amounts of BC loadings, the decrease in the total solar reflectance are evenly 
attributed to the reduced reflectance in the visible and NIR regions (Table 5.2), 
this is because the BC had similar reflectances in the visible (0.02) and NIR 
(0.02) regions suggesting that measuring reflectance in the vis range alone can 
deduce the influence on the reflectance/absorption in the NIR region, as well 
as the total reflectance. 
5.2.3. Photocatalytic degradation of BC 
Effects of TiO2 content in silicate coating 
Negligible changes in the surface color and reflectance occurred with 
solar irradiation for control specimens without TiO2 (Figure 5.2 and Figure 
5.3).   
Unlike the control specimens, after solar irradiation, the surface coated 
with TiO2-containing silicate became whiter with a significant increase in the 
L* reading. The surface color was whitened by ~11% and ~8% (at 200 hours), 
for 30% and 40% TiO2 containing silicate coating without BC loading (Figure 
5.2).  The whitening effect is supported by Diamanti et al. (2013) who 
observed that white cement mortars coated with TiO2 became whiter with time 
after exposure to the atmospheric environment for 4 months.  This is most 
likely rendered by the degradation of organics, light absorbing species, 
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existing in the silicate coating. The whitened surface at the end of the solar 
irradiation was accompanied with an increase in the total solar reflectance by 
20% (Figure 5.3) mainly attributing to increased reflectance in the vis (from 
0.20 to 0.26) and NIR ranges (from 0.16 to 0.18).  The increased reflectance 
reduced the energy burden on the surface by about 12 W/m
2
, suggesting that at 
urban environment with little soot deposition, TiO2-containing silicate coating 
can imply the self-cleaning efficiency of the coatings. Further studies are 
necessary to evaluate if the degradation of the organics present in the binder 




Figure 5.2 Trends in gray scale (L*) (n=72 readings) (a, d, g) , solar 
absorptance (n=9 readings) (b, e, h) and corresponding total energy absorbed 
(c, f, i) by three types of coating materials: (1) silicate coating alone, (2) 
silicate coating containing 30% TiO2 and (3) silicate coating containing 40% 
TiO2 for two loadings of BC (8 µg/cm
2






Figure 5.3 Changes in the reflectance (total solar, UV, visible, and NIR 
reflectance) of mortar specimens after solar irradiation for different 
combinations of silicate coating type and black carbon loading. (1) control 
silicate coating (0% TiO2), (2) silicate coating containing 30% TiO2, and (3) 










Black carbon loading of 8 µg/cm
2 
 
As expected, the control specimens (without TiO2) removed little BC 
since there is little changes in the surface dark color and the resultant 
reflectance after 200-hour solar irradiation (Figure 5.2 and Figure 5.3).  This 
implies that conventional building envelope without photocatalytic materials 
would, with time, have a dirtier appearance with a larger heat burden because 
of the accumulated deposition of soot.   
The 30%-TiO2 silicate in 60-hour of light irradiation, removed majority 
of BC, restoring the surface to a whiter color with the L* reading increasing 
from 52 to 66 back to the value (~66) prior to BC loading (Figure 5.2). 
Nevertheless, the corresponding total reflectance did not return to the value 
(0.35) before the BC loading until after 80 hours of light irradiation (Figure 
5.3) based on statistical test. This is expected because the BC imposed a larger 
decrease in the reflectance compared to the surface color as mentioned earlier.  
Interestingly, both surface color and reflectance continued to increase to a 
saturation value, indicating that the photocatalytic activity continues even after 
the removal of loaded BC. 
A higher dosage of TiO2 (40%) in the silicate removed the loaded BC 
more rapidly than the silicate containing 30% TiO2.  In 40-hour solar 
irradiation, the surface was as white as that before the BC loading, regaining 
the L* reading from 56 back to 67 (Figure 5.2), which is faster than the 60 
hours for observed for the 30% TiO2 in silicate.     
Although the solar reflectance reaches the original value in 60 hours of 
solar irradiation, it is slower than the recovery rate of L* reading (in 40 hours, 
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Figure 5.2).  Importantly, the reflectance is restored more rapidly than the 
specimens coated with silicate containing 30% of TiO2 which required 80 
hours (Figure 5.3), concurrent with the higher removal rate of loaded BC. 
After 200 hours of irradiation, the resultant total solar reflectance values are 
similar to that of 30% TiO2-containing silicate coating surface loaded with BC 
of 8 µg/cm
2 
contributing to energy savings of up to 30W/m
2
.  Taken together, 
a lower TiO2 content (30% of dry silicate) suffices to remove the loaded BC, 
while a higher TiO2 content can degrade the BC more rapidly.   
 Black carbon loading of 24 µg/cm
2 
 
Tripling the BC loading challenged the short-term photocatalytic 
capability of the TiO2-containing coating.  After the entire experimental 
course (200 hours) of irradiation, silicate coating with 30%-TiO2 showed that 
the color reading was restored to around 95% of the original value (Figure 
5.2). This is accompanied with a slower recovery of the total solar reflectance 
up to 0.31 lower than the initial value of 0.36 before BC loading.  The 
increased total reflectance can be attributed to the change in the visible and 
NIR reflectance, increasing from 0.05 and 0.05 to 0.13 and 0.10, respectively 
(Figure 5.3).  Although the light reflectance efficiency was not fully restored, 
it should be noted that the increased reflectance still reduced an energy burden 
on building surface of up to 34 W/m
2
.   
The silicate coating containing 40% TiO2 demonstrated a more superior 
capability of removing the BC of tripled concentration (24 µg/cm
2
) with a 
restoration of surface color by 160 hours of solar irradiation (Figure 5.2),  and 
an enhanced total solar reflectance almost reaching the original value (0.36), 
demonstrating that the specimen surface had restored the absorption to values 
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similar to the pre-black application values (Figure 5.3).  This is mainly 
contributed by the recovered reflectance in the visible range from 0.10 to 0.20 
and NIR ranges from 0.08 to 0.14, respectively (Figure 5.3).   The recovered 




Comparison of the degradation ability of the two TiO2 dosages (based on 
the Eq 5.1) indicated that 40% TiO2 containing specimens showed higher 
degradation at all the time intervals.  However, silicate coating containing 
30% TiO2 suffices to remove 8 µg/cm
2
 black carbon, higher TiO2 dosages 
(40%) are required to remove heavier black carbon loadings (24 µg/cm
2
). 
5.3. Conclusions on Removal of Black Carbon 
This study provides direct evidence of the impact of BC on reflectance 
and proves the photocatalytic degradation of BC can indeed contribute to 
improved reflectance.  TiO2 dosages of 30% by weight of solid silicate suffice 
to remove BC loadings of 8 μg/cm2 while higher TiO2 dosages (40%) are 
necessary for removal of higher BC loadings of 24 μg/cm2.  Maintenance of 
higher reflectance through self-cleaning surfaces will therefore lead to larger 




Chapter 6. Conclusions and future work 
The main conclusions of this study are itemized below for individual 
three sections followed by recommended future research work. 
6.1. Summary and conclusions of this study 
Photocatalytic degradation of gaseous pollutants by TiO2-
containing silicate coatings: 
The photocatalytic degradation of different gaseous pollutants (SO2, 
NO2 and CO) was evaluated by TiO2-containing silicate coatings.   A reaction 
system was designed in-house to examine the degradation of the gaseous 
pollutants. The effect of TiO2 dosage (0, 5% and 15% by weight of solid 
silicate) in the silicate coatings on the degradation ability was investigated.  
The different processes involved in the removal of the gases, including, 
photolysis, sorption of gas on the coating surface and photocatalytic 
degradation of the gas were systematically characterized.   
 The photocatalytic degradation of different gaseous pollutants (SO2, 
NO2 and CO) was evaluated by TiO2-containing silicate coatings.   A 
reaction system was designed in-house to examine the degradation of 
the gaseous pollutants. The effect of TiO2 dosage (0, 5% and 15% by 
weight of solid silicate) in the silicate coatings on the degradation 
ability was investigated.  The different processes involved in the 
removal of the gases, including, photolysis, sorption of gas on the 
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coating surface and photocatalytic degradation of the gas were 
systematically characterized.  
 Even in the absence of TiO2, SO2 removal is effected through   
photolysis and physi-chemi-sorption. These two phenomena can 
remove ~10% and ~30% of SO2, respectively. 
 The silicate coating containing both 5% and 15% TiO2 show 
reproducible degradation trend across 10 repeated reaction cycles.  
 The silicate coating containing 15% TiO2 is twice as efficient in 
degrading SO2 as the coating containing 5% TiO2.  
 On an average, 77% of SO2 is removed by the 15%-TiO2 containing 
silicate coating in 120 minutes as a result of photolysis, physic-chemi 
sorption and photocatalytic degradation.   
 A total reduction of ~74% and ~90% of NO2 is achieved by 5% and 
15% TiO2 containing silicate coating in 40 minutes, respectively,  
indicating satisfactory degradation efficiency.  
 No photocatalytic degradation of CO occurs in the case of specimens 
coated with silicate containing 15% TiO2.   
Photocatalytic degradation of particulate pollutants by TiO2-
containing silicate coatings and mortars: 
Photocatalytic degradation of particulate pollutants and self-cleaning 
performance of TiO2-containing silicate coatings and TiO2-containing mortars 
were experimentally examined and compared using rhodamineB (RhB) as a 
surrogate representing one compound class for airborne particulate pollutants. 
An optimal dosage of the TiO2 in the silicate coating was determined from the 
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experiments and the long term degradation performance of the photocatalytic 
mortars and the photocatalytic silicate coatings was established by laboratory 
accelerated tests. 
 The silicate coating with 15% TiO2 by mass of solid silicate is most 
effective in the photocatalytic degradation of RhB when compared 
with silicate coatings with TiO2 dosages of 5%, 10%, and 20%.   
 Specimens coated with 3 layers of silicate coating containing 15% 
TiO2 (by mass of solid silicate)  had comparable photocatalytic 
performance to mortar specimens with 2% TiO2 (by mass of cement), 
although the former required 20 times less TiO2 compared to the latter 
in terms of the total TiO2 employed in the 12-mm thick specimens.  
 The performance of specimens coated with 15% TiO2 showed high 
degradation efficiency (with more than 95% of the RhB being 
degraded) after exposure to simulated UV irradiation for 2500 hours.  
This corresponds to around 2.4 years of exposure to tropical warm and 
humid environment.  On the other hand, the degradation efficiency of 
TiO2 containing mortar specimens started decreasing after 1000 hours. 
 These results show that the silicate coatings with 15% TiO2 are a cost-
effective and sustainable alternative to TiO2 mixed in mortars where 
abrasion/wear resistance is not a concern. 
Photocatalytic degradation of black carbon by TiO2-containing 
silicate coatings: 
The photocatalytic degradation of black carbon (8 µg/cm2 and 24 µg/cm2) 
by TiO2-containing silicate coating (30% and 40% by mass of solid silicate) 
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along with control specimens without TiO2 was evaluated in terms of surface 
color and reflectances.    
 Restoration of surface whiteness and reflectance within 100 hours 
indicates effective removal of 8 µg/cm2 black carbon by 30% TiO2 
containing silicate coatings. A higher black carbon (24 µg/cm2) proved 
more challenging to the 30% TiO2 containing coatings with the surface 
color and solar reflectance not restored completely even after 200 
hours of irradiation.   
 A higher dosage (40%) of TiO2 in the silicate coating degraded the BC 
loading of 8 µg/cm2 of BC at a faster rate compared to 30% TiO2 
containing coating. Specifically, the surface color is restored in 40 
hours and the solar reflectance in 60 hours. The 40% TiO2 containing 
coatings are also able to effectively degrade the black carbon loading 
of 24 µg/cm2 with surface color being restored in 160 hours and solar 
reflectance returning to 95% of the original value after 200 hours. 
All these results taken together indicate that photocatalytic silicate coatings 
can effectively degrade air pollutants but further research is needed before 
large scale application is feasible. 
6.2. Significance of this research  
This research work examines the degradation of gaseous pollutants 
(SO2, CO, and NO2) by TiO2-containing silicate coating applied on mortar 
specimens. It is the first to examine the photocatalytic degradation of airborne 
SO2 by coatings applicable on building surfaces. Moreover, the study is the 
first to demonstrate the effects of physi- vs. chemi-sorption of SO2 on the 
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building coating materials. This study demonstrates that a dosage of 15% 
TiO2-containing silicate coatings could effectively remove the SO2 and NO2. 
The second part of this research work examines the removal of 
particulate pollutants and the self-cleaning efficiency of building materials 
containing TiO2.  This study is the first one to directly compare the 
degradation efficiency of TiO2 mixed in mortar vs TiO2 incorporated in 
silicate coatings. The study identifies an optimal dosage of TiO2 to be added to 
a silicate coating.  The long term degradation efficiency of the photocatalytic 
mortars and photocatalytic coatings is also assessed by means of laboratory 
tests.  The results showing effective long term degradation by silicate coatings 
coupled with the natural exposure tests that are underway will enable 
development of real life application for TiO2–containing silicate coatings. 
The last part of this work evaluates the degradation of black carbon by 
photocatalytic silicate coatings.  This study is the evaluated the photocatalytic 
degradation of black carbon in terms of the solar and UV-Vis-NIR 
reflectances.  Removal of black carbon from building surfaces would 
contribute to higher reflectances and lower the energy absorbed by the 
building surface.  Therefore, achieving self-cleaning surfaces can not only 
reduce maintenance costs but also result in reduction in the energy absorbed 
by the building surfaces.  
6.3. Recommended future work    
The recommended future works are discussed below: 
Evaluation of coating performance:  laboratory accelerated weathering, 




While it was ascertained through laboratory studies that the coatings can 
function for a limited duration, further studies are required before the silicate 
coatings be used extensively in real life applications.  It is recommended to 
evaluate the performance of the photocatalytic silicate coatings under (a) 
laboratory accelerated weathering, (b) natural exposure in the tropical 
environment and (c) computer simulations to predict the expected 
performance of the coatings under different service environments.  Laboratory 
accelerated weathering with solar irradiation and water spray (DI water and 
acid rain weathering) is necessary to establish if the photocatalytic coatings 
remain durable without cracking or peeling off over time. Studies have 
established that the performance of TiO2 is compromised in the long term 
when the degradation products deposit on the surface and block the active sites 
of TiO2. Therefore, the degradation ability of the coatings after accelerated 
weathering has to be determined.  Studies are necessary to evaluate the 
performance of the photocatalytic silicate coatings in tropical environments 
such as Singapore, which experience high solar irradiation and heavy rainfall 
almost year round.  Photocatalytic degradation is affected by a number of 
parameters which include temperature, relative humidity, pollutant 
concentration, building orientation and season of the year (solar irradiation, 
rainfall amounts, etc.).  Since it would be difficult to conduct large scale tests 
to confirm the degradation efficiency under various meteorological conditions, 
it is proposed that computer simulations be conducted. Numerical simulation 
on the removal of pollutants by photocatalytic construction material had been 
well examined (Plassais et al. 2007; Moussiopoulos et al. 2008; Overman 
2009; Olry et al. 2010).  However, the impact of photocatalytic building 
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materials on the energy savings for buildings in terms of its high solar 
reflectance and self-cleaning efficiency has not been simulated.  Therefore, it 
would be useful to evaluate the energy reduction achieved by the 
photocatalytic coating.  Building energy simulation softwares such as 
ENERGYPLUS allow simulation of a building and weather conditions based 
on geographical locations.  Such softwares adopt detailed building physics 
algorithms for radiation, conduction and convection in heat transfer.  They 
also integrate air and moisture transfer, light intensity and water flows.  The 
numerical modelling can simulate and predict the optimal area over which the 
photocatalytic coating may be applied in order to minimize the energy 
consumption. 
 Finally, cost-benefit analysis and life cycle analysis need to be carried out 
to establish if the photocatalytic silicate coatings can serve as an economical 
and environmental friendly alternative in the long term. 
Evaluation of performance of photocatalytic coatings in the presence of 
multiple pollutants 
The laboratory studies on the degradation of gaseous and particulate 
pollutants were conducted under controlled conditions in the presence of only 
one pollutant.  However, multiple pollutants coexist in the environment.  
Studies have indicated that often the degradation ability of TiO2 in the 
presence of multiple pollutants is hampered due to one pollutant inhibiting the 
degradation of the other.  Therefore, studies are needed to evaluate if the 
photocatalytic coatings can perform in such an environment.  Given that the 
most important application of TiO2 coatings is for maintaining the color of 
building surfaces along with removal of the air pollutants, studies are 
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necessary to validate how they perform by simultaneously measuring the color 
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Nano– TiO2 with 
average particle 
size of 15 nm, 
0.5%, 1.0%, 
1.5% and 2.0% 
by weight as 
cement 
replacement 
OPC, w/c: 0.4, 
aggregates/cement: 
~3 
All TiO2 concrete mixes 
show higher 
compressive strengths 
compared to control mix 









Nano– TiO2 with 
average particle 
size of 15 nm, 
0.5%, 1.0%, 
1.5% and 2.0% 
by weight as 
cement 
replacement 
OPC, w/c: 0.4, 
aggregates/cement: 
~3 
Split tensile strength: 
Increases with nano-
TiO2 dosage upto 1% 
and then decreases but 
even dosage of 2% is 
higher than that of 
control cement concrete 
without TiO2 
Flexural strength: 
Similar to split tensile 
strength, increases with 
dosage upto 1% then 
decreases.  However, the 
flexural strength of 2% 
TiO2 mixed in concrete 
is higher than that of 








particle size of 













Increases by adding 
TiO2 nanoparticles up to 
3% and then decreases, 
although adding 4% 
TiO2 nanoparticles 














from 1%, 2%, 
3% and 4 wt%. 
TiO2): 0.4 much higher 
compressive strength 
with respect to all the 
other concretes with 





5% and 10% by 
weight as binder 
replacement 
OPC, slag, sand, 
naphthalene-based 
superplasticizer 
with 25% water 
reduction, w/c: 
0.5, sand/cement: 
3; amount of slag 
powder and 
superplasticizer 
were 10% and 
0.5% by weight of 
binder respectively 
for slag mixes 
1 Day: Increased by 
46% (for 5% TiO2) and 
47% (for 10% TiO2) 
compared to control 
cement mortar without 
TiO2; 
For mixes with slag, the 
increase in the strength 
was 60% (for 5% TiO2) 
and 68% (for 10% TiO2) 
and 68% control cement 
mortar without TiO2; 
28 Day: Decreased by 
6% (for 5% TiO2) and 
9% (for 10% TiO2) 
compared to control 
cement mortar without 
TiO2; 
Increased by 15% and 
7% compared to control 





1%, 2%, 4% and 
6% TiO2 by 
weight of binder 
as additive 
OPC, slag, sand, 
w/c: 0.5, 
sand/cement: 2.5; 
amount of slag 
powder: 50% for 
slag mixes 
7 Day: Not affected 
significantly by the TiO2 
dosages 
28 Day: Decreased with 
increase in TiO2 dosage 
91 Day: Strengths of 
cement mortars with 
TiO2 lower than for 
cement mortars without 









Effect on strength 
similar for mortars with 
slags, with and without 
TiO2 
Flexural tensile strength: 
Not significantly 
affected by TiO2 
addition and no clear 
trend in the effect of 









anatase > 99%), 
TiO2 as cement 
(%wt) 
replacement of 
0%, 0.5%, 1%, 








1350 g standard 
sand and 225 g 
water were mixed; 
For setting times, 
650 g TiO2-
modified cement 




increasing the amount of 
TiO2 nanoparticles up to 
1%, but above it, the 
compressive strength 
decreases. The 
compressive strength of 
cement containing 2% 
TiO2 is still higher than 




increasing the amount of 
TiO2 nanoparticles up to 
1% and then the flexural 
strength decreases. 
Similar to compressive 
strength, flexural 
strength of cement 
containing 2% TiO2 is 
higher than that of the 
unmodified cement 
sample 





dosages of 5% 
and 10% by 
mass of cement 
OPC, For setting 
time 
determination, 
water/solid: 0.37;  
For compressive 
strength 
Compressive strength  of 
mixes with 5% and 10% 
increased upto 14 days 
(tested at 1, 3, 7, 14 and 
28 days) and after that 















dosages of 5%, 
10% and 15% by 






Strength of Portland 
cement, 5% and 10% 
TiO2 containing cement 
pastes were similar at 28 
days. 
Higher water content 
resulted in decreased 
strength at all TiO2 
dosages  
At w/c = 0.4, strength 
increases with higher 
amounts of TiO2 even 
when TiO2 used as a 
replacement for cement 
At w/c = 0.5, strength 
decreases with when 
TiO2 amount increased 
from 5% to 10%  
At w/c = 0.6, strength of 
control and 5% and 10% 
TiO2 were found to be 
the same. 
Feng et al. 
(2013) 
Dosages of TiO2 
nanoparticles 
were 0.1%, 
0.5%, 1.0%, and 
1.5%, by mass 
of cement as 
additive. 
OPC, w/c: 0.4 Flexural strength (by 3 
point bending test): 
increased by 4.52%, 
8.00%, 8.26%, and 
6.71%, respectively, 
when 0.1%, 0.5%, 1.0%, 
and 1.5% TiO2 
nanoparticles, i.e. 




Appendix B Studies on degradation of nitrogen oxides by photocatalytic construction material 
Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 





5 different type of 
TiO2: 4 
commercially 




size and specific 
surface areas and 
1 carbon doped 
TiO2 
Mortar samples, 3%, 5%, 
10% TiO2 by weight of 
cement compared with 
commercially available 
double layer paving 
blocks with top layer 
containing photocatalysts 
and TiO2 containing 
slurry applied to fill the 




0.3, 0.5 amd 1 ppmv; 
relative humidity: 
~50%; flow rate: 1, 3 
and 5 L/min 
 
Three fluorescent tubes 
of 25W each, emitting a 
high-concentrated UV-A 
radiation in the 
range of 300–400 nm with 
maximum intensity at about 
345 nm; for doped sample 
standard fluorescent lamps 
of 18W each emit 
cool day light in the range 
of 420–650 nm with three 
prominent 
peaks at 460, 560 and 600 




rate, type of TiO2, 
application  method 




Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 









(Kronos Int.: vlp 
7000) which can 
be activated in 







paint) with different 
colours (white and blue) 
and TiO2 content 
were used 
NOx concentration: 
0.025 - 1 ppmv; 
relative humidity: 
~50%; flow rate: 1-5 
L/min  
6 UV/VIS lamps (Phillips 
TL/05, 20W, 300-500 nm, 
λmax: 370 nm, length 57 cm). 
actinic flux for wavelengths 




Effect of the 
commercial TiO2 
doped façade paints, 
evaluation of the 
nitrous acid (HONO) 
produced and its 
decomposition 





NA Photocatalytic paving 




0.1, 0.3, 0.5, 1.0 
ppmv; relative 
humidity: 50%; flow 
rate: 1, 3 and 5 
L/min 
Light wavelength 300-400  
nm of intensity 10 Wm
-2
 
Development of a 
model for the 
decomposition of 
NO, effect of feed 




Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 








Rutile TiO2 Photocatalytic mortar 
was applied as a surface 
layer on precast concrete 
paving (PCP). 3mm 
thickness and 3% by 
weight of cement of TiO2 





humidity: 30% ± 
5%, 50% ± 5% 70% 
± 5%; flow rate: 1, 3, 
5 L/min
 
Four 30 W light bulbs (315- 
400 nm UV-A radiation) 
with 3 different light 
intensities of 10 ± 2 W/m
2
, 
25 ± 2 W/m
2





Effect of intensity of 
UV-A irradiation, 
relative humidity 









A surface mixture of 10 
mm thickness consisting 
of TiO2, cement, filler 
(sand with a maximum 
nominal size of 1.18 




humidity: 50%; flow 
rate: 9 L/min 
Fluorescent lamps used to 
imitate natural sunlight 
irradiation 
Effect of TiO2 
addition on wear 
resistance of the 
pavement, effect of 




Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 










was applied on concrete. 
The sand aggregate was 
sieved to remove all fines 
with a particle size 
of 300 µm or smaller. 
TiO2 dosages of 3% and 
5% by weight of cement 
were used.  
degradation as well 
as effect of lab 
accelerated wearing 




ês et al. 
(2012) 
Two types of 
nanometric  
TiO2: one in the 
form of anatase 
spheres 
(diameter of 10–
30 nm), with a 
specific surface of 
200–220 m2/g 
Photocatalytic mortar of 
different thickness 3, 6 
and 10 mm (surface 
layerof 
photocatalytic pavement 
blocks and bottom 
conventional blocks); 3 
different dosages of 
TiO2: 3%, 6% and 10% 
NOx concentration: 
20 ppmv; 
relative humidity: 50 
± 5%; flow rate of 
1.0 L/min  




Effect of TiO2 on the 
surface texture of 
mortar coatings of 
various thickness, 
effect of type and 
dosage of TiO2 and 
mortar thickness on 
the degradation 
ability.  The 
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Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 
Light source, wavelength, 
intensity  




the other in the 
form of a rutile 
rods (diameter 
of 10 nm and 
length of 40 nm 
with 98% purity), 
with a specific 
surface of 150 m
2
/ 




by weight of the cement. degradation ability 
was also evaluated 
after 1 year field 
exposure either 
without surface 
washing or with 
surface washing by 











Cement paste samples 
with TiO2 at 2 ages: 65 
hours and 28 days. 
Different dosages of 
TiO2 by weight of the 
cement (0.0%, 0.5%, 
Initial concentration 
of NO: 1 ppmv; 
relative humidity: 50 
± 10%; flow rate: 3 
L/min 
Osram Vitalux, 300 W 




Effect of type and 
dosage of TiO2 and 
curing of the cement 





Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 






1.0%, 3.0%, 5.0%) and  
for each addition three 
different ratios of 
anatase: 
rutiles (100:0, 85:15, 
50:50) were used. 
Chen et al. 
(2009a) 
Anatase TiO2 of 
primary particle 
size < 1 µm 
Concrete surface layer 
with 5 different types of 
recycled glass cullets of 
different colors (2 clear, 
1 light green, 1 dark 
green and 1 brown) 
stored at RH of 50% at 
25ºC and tested at 7, 28 
and 56 days. TiO2 dosage 
of 2% by weight of dry 
materials. 
Initial concentration 
of NO: 1 ppm; 
humidity: 50 ± 5%, 
flow rate: 3 L/min 
 
3 nos of 8W UV-A 
fluorescent lamps (TL 
8W/08 BLB, Philips, 
Holland) of  
wavelength from 300 to 400 
nm with a maximum 
intensity at 365 nm. UV 
intensity of 10 W/m
2
 at 
centre of sample. 
Effect of 
incorporation of 
glass cullets as 
aggregates, their 
color, aggregate size 
and curing age on 






Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 
Light source, wavelength, 
intensity  
Poon et al. 
(2007) 
3 different TiO2: 
P-25 Degussa, 
one anatase and 
one rutile TiO2.    
Photocatalytic paving 
blocks made with 
recycled materials such 
as recycled aggregate, 
recycled glass and 
furnace bottom ash.  The 
amount of TiO2 was 
adjusted from 0 to 10% 
by weight of the dry mix 





10%; flow rate: 6 
L/min 
Two 10 W UV-A 
fluorescent lamps (black 
lights) with intensity of 10 
W/m
2 
at centre of the 
sample surface.  





type and dosage of 











Mortar samples with 
micro or nanosized TiO2 
cured for 7 days at room 
temperature in plastic 
bags and further 7 days 
Inlet concentration 
of NOx: 600 ppb 
with NO/NO2 ratio 
of 2, 3; flow rates: 3, 




a main emission in the UV–
A field distributed around a 
Evaluated the effect 
of flow rate and the 
TiO2 particle size. 
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Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 





particle size 153.7 





particle size 18.1 
± 5 nm), both 
100% anatase 
in room temperature and 
60% humidity. 
maximum 
intensity wavelength of 











70: 30, primary 
crystal size 21 nm 
and surface area 
Plastering cement based 
mortars with 1% by 
weight of TiO2.  Cement 
was 13.8% by weight and 
additives 0.2 % by 
weight.  Dolomitic sand 
NOx, initial 
concentration 1 ppm; 
relative humidity 50 
± 10% at 25 ± 2ºC; 
flow rate 3 L/min, 
residence time 4 s 
Halogenide lamp (Osram 
Vitalux, 300 W) 
Irradiance 10 ± 1 W/m
2
 in 
the wavelength of 315-400 
nm. 
Effect of aging, 
porosity and pore 
size distribution on 
the photocatalytic 




Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 
Light source, wavelength, 
intensity  
50 ± 15 m
2
/g of different mean grain 
sizes of different 
proportions were used to 
obtain different porosity 
and pore-size distribution 
and the filler content and 




NA Commercially available 
double layer concrete 
paving stones used in 
road construction with 
upper layer containing 
TiO2 
NO of 0.1, 0.3, 0.5 
and 1 ppmv; relative 
humidity: 50%;  
flow rate 3 and 5 
l/min; slit height 
adjustment for 
reactor: 2, 3 and 4 
mm (with NO 
concentration of 0.3 
ppmv) 
UVA (300-400 nm) with 
maximum intensity at about 
345 nm. Intensity 10 W/m
2
. 
Effect of operating 
parameters such as 
inlet concentration 
of the pollutant, flow 
rate and reactor 
height was 
investigated and 
used to obtain the 
Langmuir-
Hinselwood kinetic 
model for the 
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Reference TiO2 type  Type of building 
material used in the 
degradation tests 




gases used for 
experiment 
Light source, wavelength, 
intensity  
photocatalytic 










Coatings applied on three 
types of  materials, (a) 
mortars, (b) glass plates 
(about 40 g/m
2
) and (c) 
non-absorbent cardboard 




ppm, humidity: 31% 
at 25ºC, flow rate 
1.5l/min for varying 
amounts of binder 
and photocatalyst.  
300-W 
OSRAM Ultravitalux bulb 
to have emission spectrum 
close to daylight.  UV-A 
intensity of 5.8 W/m
2
. 
Effect of TiO2 
content, binder 
amount, flow rate, 
substrate, humidity, 
oxygen and initial 
concentration were 
evaluated. 




Appendix C Summary of experimental methods on degradation of particulate pollutants and self 
cleaning surfaces by photocatalytic cements and mortars 
Reference TiO2 type & size Mortar/Coating 
Type 









































dye, after dye and 





400 W (λ> 
290 nm) 
NA NA 8 
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Reference TiO2 type & size Mortar/Coating 
Type 














































 𝑎 ( )
  
  
    
















ANX Type N 




Mortar made with 
white cement, 
TiO2 content = 
0%, 3%, 6% and 











Light < 320 
nm filtered 
NA NA 24 
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Reference TiO2 type & size Mortar/Coating 
Type 























ANX Type PRN 











(Anatase:      
(1) 150nm, 11 
m
2







Mortar with white 
cement, TiO2 










 𝑎 ( )
  
  
    










3700 Lux 100 cm 30 
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Reference TiO2 type & size Mortar/Coating 
Type 


























Rutile Cement based 
plates with 
TiO2/SiO2 surface 
layers as coating 
Red wine, 1 
drop applied 


















PC 105, (Surface 
area 85 m
2












Mortar  with both 
white and 
ordinary cement, 
TiO2 = 1%, 2%, 











NA Speed of 
destruction of 
colorant, 









Reference TiO2 type & size Mortar/Coating 
Type 



























 𝑎 ( )
  
    
   
   |
 
   
            
  




Reference TiO2 type & size Mortar/Coating 
Type 























Ruot et al. 
(2009) 




size 15-21 nm 
Mortar 
(sand:cement:calc
areous filler = 
65:30:5 by wt.); 
TiO2 = 0, 1, 3, 5% 
by wt of dry 
mixture  
Cement pastes 
(CEM II), TiO2 










13 ± 3 
3% TiO2:  
32 ± 2 
5% TiO2: 









range 290 – 
400nm 











Reference TiO2 type & size Mortar/Coating 
Type 
































TiO2 dosage= 0,1, 
2,4,6% by wt of 





NA              𝑎𝑛   𝑎  𝑛
     
  
[( 𝑎 )    ( 𝑎
 )  ]
[( 𝑎 )   ( 𝑎 )  ]
 
 (+a*)dn is reading after n hr 
exposure, (+a*)0, (+a*)d is 






















3.4 cm 20 
UNI 11259 
2008 
- Mortar (cement: 





At least 12     
𝑎 ( )  𝑎 ( )
𝑎 ( )











Reference TiO2 type & size Mortar/Coating 
Type 























   
  
𝑎 ( )  𝑎 (  )
𝑎 ( )
     
a*(0) before exposure to 
light, a*(4) after 4 hr 
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